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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
The widespread use of atrazine (ATR, 2-chloro-4-ethylamino-6-isopropylamino-j-
triazine) and metoiachlor (MET, 2-chloro-N- (2-ethyl-6-methylphenyl)-N- (methoxyprop-2-
yl) acetamide as preemergent herbicides to control grass weeds and broadleaf weeds has 
caused the contamination of surface and ground waters [1-3]. ATR, MET, and the ATR 
degradation products deethylatrazine (DEA) and deisopropylatrazine (DIA) were frequently 
detected in rivers and streams of the Midwestern United States [4-6]. ATR and DEA 
occasionally exceed the maximum contamination level for ATR in drinking water (3 ng/L) 
set by the U. S. Environmental Protection Agency (EPA) [3,6]. ATR is classified as a class 
III carcinogen by U. S. EPA. DEA and DIA have been shown to be toxic in plant assays [7], 
DEA has been shown to modify the pituitary activity of offspring from injected pregnant 
female rats [8] and pituitary gland activity in male rats [9]. Therefore, the contamination of 
these compounds in groundwater is a great concern for environmental health. 
Agricultural dealership sites represent a potential point source of groundwater 
contamination [10,11]. Of the 18 wells surveyed with detections of pesticides in Iowa public 
water systems, 16 wells were located within 1000 feet of an agricultural dealership site [12]. 
Others also found a strong correlation between pesticide detection in public wells and 
proximity to agrochemical dealerships [10,11]. High levels of ATR and MET were found at 
agricultural dealership sites as a result of many years of incidental or accidental spillage of 
these chemicals during loading, mixing, and rinsing [11,13]. High concentrations of organic 
compounds are more persistent than low concentrations [14]. Therefore, it will take longer 
for the dissipation of the high-level contaminants than that of low-level contaminants. In 
addition, a higher concentration of ATR moves much deeper into the soil profile than a low 
concentration of ATR does [14]. Therefore, contamination with a high concentration of ATR 
in soil is a potential threat to the integrity of the groundwater. Effective and low-cost 
remediation approaches at agricultural dealership sites are needed. 
Microbial Degradation of Atrazine and Metoiachlor 
Microbial degradation is the principal mechanism of ATR dissipation from the 
environment. The two N-alkyl chains on the ATR ring can serve as a microbial source of C 
and N [15,16]. Utilization of ring-N was also reported [17]. However, ring-C can not be 
utilized by microorganisms due to its oxidation state. ATR degradation is initiated by the 
oxidation of the alkyl side chains on ATR via N-dealkylation to produce DEA and DIA [15, 
18-21]. Dechlorination was also reported as the first step in ATR metabolism by ADP [22]. 
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The degradation pathway of atrazine is shown in Fig. 1. Several bacteria, Pseudomonas sp. 
strain ADP, M91-3, Agrobacterium radiobacter strain J 14a, and Pseudomonas strain 
YAYA6, can mineralize ATR completely [16,22-24], The ability of the ATR-mineralizing 
bacteria to remediate ATR-contaminated soils has been investigated in laboratory studies 
[22,24-26], The success of bioaugmentation with the bacteria in soils is affected by several 
factors. The effectiveness of JI4a and YAYA6 on the mineralization of ATR is negatively 
affected by the presence of the indigenous ATR degraders in soil [23,26]. A carbon source is 
needed to stimulate the mineralization of the high concentration of ATR by ADP [22,28], 
Exogenous nitrogen inhibits the mineralization of ATR by M91-3 [17]. A successful field-
scale remediation of ATR-contaminated soil by using atrazine chlorohydrolase expressed by 
recombinant Escherichia coli (£. coli) was reported [29]. 
MET is very stable to biological degradation in natural water systems [30]. 
Biodégradation is the primary means of MET dissipation in soil [31], Several species of 
microorganisms could transform MET [32-34], However, those organisms do not appear 
capable of mineralizing MET. The general mechanisms for transformation of metoiachlor 
include dechlorination, dealkylation, hydroxylation, indoline formation, and oxoquinoline 
formation [32,33,35-37], Metoiachlor and alachlor are chloroacetamides. Their structures 
are very similar. Alachlor is transformed by Pseudomonas Jluorescens UA5-40 via 
glutathione S-transferase (GST)-mediated dechlorination [38], Alachlor-glutathione 
conjugate is first cleaved by y-glutamyltranspeptidase to form alachlor-cysteineglycine (AL-
CysGly) [38], Glycine is cleaved from AL-CysGly by carboxypeptidases, and alachlor-
cysteine (Al-Cys) is formed. Al-Cys is further catabolized by several possible pathways to 
form alachlor sulfonic acid [38], The catabolic pathways of metoiachlor by UA5-40 are 
assumed the same as those of alachlor. 
The success of bioaugmentation also depends on the survival of the inoculated bacteria 
and maintenance of the high level of degradation activity after inoculation to soil. Most 
bacteria fail to survive for a long time after inoculation due to the nutrient deficiency and the 
presence of toxins and predators in soils [39]. The metabolic activity or cell density of M91-
3 decreased seven days after inoculation, however, the inoculum remained active in soil for 
at least three months [40]. The copy number of atz A gene in strain ADP, the gene which 
encodes atrazine chlorohydrolase for hydrolytic breakdown of ATR, declined at least two 
orders of magnitude one day after the inoculation of ADP into sands, but the atz A gene 
persisted in soils and continually mineralized ATR for at least 18 days [41]. Strain J14a did 
not survive longer than 60 days in a soil [24]. Strain YAYA6 can retain its degradation 
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Fig. 1. Degradation pathway of atrazine in soil. (Cited ftomKruger EL, Somasundaiam L, Kanwar RS, Cbats 
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activity for six weeks in the absence of ATR in soil [25]. Multiple inoculations may 
eliminate the problems associated with the short-term survival of the inoculum [42]. 
Phytoremediation of Atrazine and Metoiachlor 
There is current interest in the use of plants to remediate contaminated soils, sediments, 
and water, termed phytoremediation. Phytoremediation is aesthetically pleasing, and cost-
effective to treat hazardous waste sites [43]. Plants remediate organic compounds via direct 
uptake of organics and transformation of the organics to less toxic metabolites in plants, and 
via rhizosphere degradation [44,45]. Physical-chemical properties of the compounds, plant 
species characteristics, and environmental characteristics are the main factors that determine 
the rate of chemical uptake [45-47]. Plants can take up moderately hydrophobic organics 
(octanol-water partition coefficients, Log KoW = 0.5-3) quite effectively [48]. More lipophilic 
compounds (Log KoW > 3.0) can better partition into roots, but they can not easily be 
transported within the plants. More lipophobic compounds (Log KqW < 0.5) are not 
sufficiently sorbed to roots or actively transported through plant membranes [48]. Plant 
characteristics, such as root surface area, could substantially alter adsorption of an organic 
compound to roots. A large portion of the applied l4C-ATR (91%) in soil has been shown to 
be taken up by poplar cuttings [43]. However, up to 28 and 9.9% of ATR uptake was 
reported in com and Kochia soparia, respectively [21,49], A high transpiration rate also can 
increase the uptake of organic compounds [21,45,50]. Uptake by plants also depends on the 
soil concentration of the chemical [45]. The concentration in plants was positively correlated 
with the concentration in soil. However, higher uptake for the low soil concentration was 
reported [51]. The amount of uptake also varies with different soil types used [21,43]. 
The rhizosphere is the region immediately surrounding the root of a plant. It serves as an 
enrichment zone for increased microbial activity. Rhizodeposition and root exudation supply 
a nutrient source for microorganisms to use. Rhizodeposition, the organic substances 
resulting from the decay of dead root hairs and fine roots, provides a carbon source for 
rhizosphere microorganisms. The mucigel, which is produced by the root cap cells to help 
lubricate the roots and allow them to force their way through the soil, along with secretions, 
leakages, and lysates from root cells, provide keto acids, vitamins, tannins, amino acids, 
sugars, organic acids, and so on [44]. In addition, nitrogen fixation and phosphorus 
solubilization occur in the rhizosphere, by which rhizosphere bacterial populations benefit 
from improved nitrogen and phosphorus availability [44]. Plants not only provide substances 
for microbial growth or cometabolism, they also allow the assemblage of a unique microbial 
community on root surfaces, and affect osmotic and redox potential, pH, and moisture 
content Great density and diversity of microorganisms are present in the rhizosphere [21,52-
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54]. As a result, metabolic or cometabolic transformation occurs in the rhizosphere. Plants 
also transfer oxygen to the root zone. These phenomena may enhance the transformation of 
organics in the root area. Studies have demonstrated the increased degradation of organics in 
the rhizosphere of a variety of plant species [54-58]. However, the rhizosphere effect is 
short-lived in the absence of plants [59], and the relevance of these data to in situ plant-
microbial interactions is limited. There are also cases in which the rhizosphere has no effect 
on the mineralization of organic compounds [21,57], 
Bioavailability 
Bioavailability is a key factor in determining the success of the various remediation 
strategies. Microorganisms and plants assimilate and degrade the available portion of 
chemicals in soil. Evidence has accumulated that the availability of certain organic 
compounds changes with their residence time in soil, a process termed aging. As organic 
compounds reside in soil for some time, they become increasingly unavailable for 
biodégradation [60-63]. The declining bioavailability of compounds during aging is 
evidenced by the reduced amount of CO2 converted from the parent compounds, the reduced 
extractability of the compounds by many solvents [40,60-63], and reduced amounts of the 
compounds desorbed [64,65]. The toxicity of most aged compounds also decreased after 
aging [66]. The decline in bioavailability during aging may result from the slow diffusion of 
hydrophobic compounds into soil organic matter [67] and diffusion of organic compounds 
through micropores inside of soil particle [68,69]. The chemicals sequestered in organic 
matter and micropores of soil can not be reached by bacteria, roots, or root hairs due to the 
small size of the micropores [66]. Diffusion to the outer surface of the soil particles is 
greatly retarded because of the sorption of the chemicals to the micropore walls and the 
tortuous path between micropores [70]. The term aging does not include the reactions such 
as polymerization or covalent binding to humic substance, which alter the structure of the 
molecule. Therefore, aged compounds can be extracted by some organic solvents under 
vigorous conditions, such as shaking for several hours. However, the extraction of bound 
residues often alters the nature of these residues. The bioavailability of an organic compound 
is affected by environmental soil factors, such as soil organic content, pH, and moisture. 
Governmental regulations promulgated to assess risk and to establish goals for 
remediation of contaminated soils are typically based on concentrations of the toxicants 
detected in soil by vigorous organic solvent extraction (EPA). However, concentration of a 
compound extracted vigorously by organic solvent appreciably overestimates the quantity of 
the compound that is biovailable [61,62]. Therefore, bioavailability is an important 
consideration in risk analysis, regulatory decisions, and remediation objectives. It has been 
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reported that bioavailability can be predicted by a chemical assay with a mild extractant [62]. 
However, the solvent used for prediction of bioavailability varies with different contaminants 
and the species of concern [62]. Methanol: water (1:1) is the appropriate surrogate 
recommended to predict the bioavailability of ATR to bacteria M91-3 [62]. 
Dissertation Objectives 
The overall objective of my research is to try to contribute information to support the 
following hypotheses: 1) The inoculated herbicide-degrading bacteria and the enzyme from 
the specific bacteria strain degrade pesticide residues in soils; 2) The presence of plants 
enhances the degradation of the pesticides, and the degradative ability of the bacteria; 3) 
Aging the pesticides in soils decreases their bioavailability; 4) The number of the inoculated 
bacteria in soil decreases as it resides in soil over a period of time. The specific objectives of 
my research were: 
1) To determine the influence of inoculated herbicide-degrading bacteria and an 
enzyme on herbicide residues, and to test whether vegetation enhances the 
bacteria to degrade the herbicides; 
2) To determine the effectiveness of vegetation on the degradation of herbicides in 
soils; 
3) To determine the effect of aging time in soil upon the biodegradability of the 
herbicides and the effect of inoculated bacterium. 
Dissertation Organization 
This dissertation consists of a general introduction, three journal papers, general 
conclusions, and an appendix. The first paper investigates the influence of vegetation, 
microbial inoculation (Agrobacterium radiobacter J14a and Pseudomonas fluorescens UA5-
40), and nitrogen addition on the degradation of atrazine and metoiachlor in two soils. A 
short-term study and a long-term study were conducted for each soil. This paper will be 
submitted to Environmental Toxicology and Chemistry. The second paper addresses the 
influence of microbial inoculation (Pseudomonas sp. strain ADP) and the enzyme atrazine 
chlorohydrolase on the degradation of both freshly added and aged atrazine and metoiachlor 
residues in a soil. The influence of vegetation on the degradaton of aged residues of atrazine 
and metoiachlor was also examined. This paper will be submitted to the Journal of 
Agricultural and Food Chemistry. The third paper discusses the influence of aging atrazine-
treated soil on bioavailability of atrazine and survival of Agrobacterium radiobacter strain 
J14a. This paper will be submitted to Environmental Toxicology and Chemistry. High 
concentrations (ranging from 100 to 194 pg g"') of atrazine and high concentrations (ranging 
from 25 to 170 ng g"1) of metoiachlor were used in the three papers. General Conclusions, 
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Appendix (which is an additional paper), and Acknowledgement sections follow the final 
journal paper. 
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CHAPTER 2. THE INFLUENCE OF MICROBIAL INOCULATION, NITROGEN 
ADDITION, AND VEGETATION ON THE DEGRADATION OF ATRAZINE AND 
METOLACHLOR IN SOIL 
A paper to be submitted to Environmental Toxicology and Chemistry 
Shaohan Zhao.t Ellen L. Arthur,* Thomas B. Moorman, § and Joel R. Coatst 
t Department of Entomology, Iowa State University, Ames, LA 50011, USA 
* Bayer Corporation, 17745 South Metcalf, ACR H, Stilwell, K.S 66085, USA 
§USDA-ARS, National Soil Tilth Laboratory, Ames, IA 50011-1420, USA 
Abstract-The abilities of native prairie grasses, big bluestem (Andropogon gerardii), Indian 
grass (Sorghastrum nutans L.), and switch grass (Panicum virgatum L.) and two soil 
bacteria, Agrobacterium radiobacter J14a and Pseudomonasfluorescens UA5-40, to degrade 
the herbicides atrazine and metoiachlor were evaluated in soils taken from two pesticide-
contaminated sites in Iowa (Alpha and Bravo). J 14a and vegetation significantly decreased 
the concentration of atrazine in Alpha soil when the initial concentration of atrazine was 93.3 
|ig g*1. However, they had no effect on the degradation of atrazine when the initial 
concentration of atrazine was 4.9 ng g"1. The effect of Jl4a on the degradation of atrazine 
was not enhanced by the presence of the plants. Inoculation with J 14a and addition of the 
plants did not increase the atrazine degradation in the Bravo soil. The degradation of atrazine 
by J 14a and the indigenous atrazine-degrading microbial population in Bravo soil was not 
affected by the presence of exogenous nitrogen. Vegetation significantly increased the 
number of atrazine-mineralizing microorganisms in J14a-inoculated Bravo soil, and 
exogenous N significantly increased the number of the atrazine-mineralizing 
microorganisms. In the Bravo soil without vegetation and N amendment, atrazine-
mineralizing microorganisms were significantly more numerous in the uninoculated soil than 
in the J14a-inoculated soil. Inoculation of UA5-40 did not enhance the transformation of 
metoiachlor in either soil. The native prairie grasses significantly decreased the metoiachlor 
residues in both soils. Aging metolachlor-treated soils did not influence the degrading 
capability of the plants. Our results indicate that the degradative ability of J 14a and the 
native prairie grasses on atrazine is affected by the bioavailability of the compound and the 
presence of indigenous atrazine-mineralizing microorganisms. 
Keywords- Agrobacterium radiobacter J14a Pseudomonas fluorescens UA5-40 
Atrazine Metoiachlor Bioavailability Vegetation N Amendment 
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INTRODUCTION 
The widespread use of atrazine (ATR, 2-chloro-4-ethylamino-6-isopropylamino-s-
triazine) and metoiachlor (MET, 2-chloro-N- (2-ethyl-6-methylphenyl)-N- (methoxyprop-2-
yl) acetamide as preemergent herbicides to control grass weeds and broadleaf weeds has 
caused the contamination of surface and ground waters [1], Agricultural dealership sites 
represent a potential point source of groundwater contamination [2]. High levels of ATR and 
MET were found at agricultural dealership sites, where pesticide mixing, loading, storage, 
and rinsing occurred [2], Effective and low-cost remediation approaches at agricultural 
dealership sites are needed. 
The remediation of ATR-contaminated soils by pure cultures of bacteria has been 
investigated extensively [3-6]. The effectiveness of remediation using ATR-degrading 
bacteria in the non-sterile soils has varied. The success of bioaugmentation with two ATR-
mineralizing bacteria, Pseudomonas strain YAYA6, and Agrobacterium radiobacter strain 
J 14a, on the mineralization of ATR in unsterile soil has been negatively affected by the 
presence of indigenous ATR degraders [5,7]. A carbon source was needed to stimulate the 
mineralization of high concentrations of ATR by Pseudomonas sp. strain ADP [3]. 
Exogenous nitrogen inhibited the mineralization of ATR by M91-3, an atrazine-mineralizing 
bacterium [8]. Biodégradation was the primary means of MET dissipation in soil [9], 
Several species of microorganisms could transform MET [10,11]. However, those organisms 
did not appear capable of mineralizing MET. 
There is current interest in the use of plants to remediate contaminated soils, sediments, 
and water. Plants remediate organic compounds via direct uptake of organics and 
transformation of the organics to less toxic metabolites, and via rhizosphere degradation [12]. 
Physicochemical properties of the compounds, plant species characteristics, and 
environmental conditions are the main factors that determine the rate of chemical uptake 
[12,13]. A large portion of the applied 14C-ATR (91%) in soil has been shown to be taken up 
by poplar cuttings [14]. However, 28% and 9.9% of ATR uptake was reported in com and 
Kochia scoparia, respectively [15,16], 
The rhizosphere is the region immediately surrounding the root of a plant. It serves as an 
enrichment zone for increased microbial activity via root exudation and rhizodeposition from 
the decay of dead root hairs and fine roots, which supply important nutritional sources for 
microbial growth [17]. Great density and diversity of microorganisms are present in the 
rhizosphere [15,17]. As a result, metabolic or cometabolic transformation occurs in the 
rhizosphere. Plants also transfer oxygen to the root zone. These phenomena may enhance 
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the transformation of organics in the root area. Studies have demonstrated the increased 
degradation of organics in the rhizosphere of a variety of plant species [17-19]. However, 
there are cases in which rhizosphere has no effect on the mineralization of organic 
compounds [15,20]. 
Bioavailability is a key factor in determining the success of the various remediation 
strategies. As organic compounds reside in the soil for some time, they become increasingly 
unavailable for biodégradation [21,22]. The decline in bioavailability may result from the 
slow diffusion of hydrophobic compounds into soil organic matter [23] and the diffusion of 
organic compounds through micropores inside of soil particle during aging [24]. 
Little is known about the interaction of two specific pesticide-degraders (J 14a and 
Pseudomonas fluorescens UA5-40) in soil. The objectives of the study were: (I) to 
determine the influence of inoculated herbicide-degrading bacteria on herbicide residues and 
to test whether vegetation enhances the capability of the bacteria to degrade the herbicides; 
(2) to determine the effectiveness of vegetation on the degradation of herbicides in soils; (3) 
to determine the effect of aging time in soil upon the biodegradability of the herbicides. 
MATERIALS AND METHODS 
Chemicals 
ATR (92.15% pure for treating the soils), and MET (97.3% pure) were obtained from 
Novartis Crop Protection (Greensboro, NC). ATR (98% pure for analytical standard) was 
purchased from Chem Service (West Chester, PA). 
Soils and plants 
Soil samples were obtained from two agrochemical dealer sites in Iowa. The two sites, 
denoted as the Alpha site and Bravo site, are located in northwest Iowa and in central Iowa, 
respectively. Surface soils (top 15 cm) were collected by using hand trowels. Three 
independent composite samples were taken from vegetated areas. Soils were transported 
back to the laboratory on ice in a Styrofoam cooler, sieved (2.4 mm), placed in polyethylene 
bags, and stored in the dark at 4°C until needed. Soils were analyzed by A & L Midwest 
Laboratories (Omaha, NE) to determine physical and chemical properties (Table 1). 
The plants utilized in this study were the mixture of three species of native prairie 
grasses: big bluestem (Andropogon gerardii), Indian grass (Sorghastrum nutans L.), and 
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switch grass (Panicum virgatum L). The mixture of the three species was planted in small 
trays in the greenhouse for about 5-6 weeks before they were used for the studies. 
Table 1. Characteristics of Alpha and Bravo soils 
Soil Alpha Bravo 
Texture Sandy loam Loam 
Sand(%) 68 32 
Silt (%) 21 50 
Clay (%) 11 18 
O. M.'(%) 2.5 3.9 
Nb(%) 0.08 0.22 
PH 7.8 7.5 
C.E.C (meq/100g) 10 14.1 
1 Organic matter b Total nitrogen c Cation exchange capacity 
Microorganisms 
The test bacteria, Agrobacterium radiobacter strain J 14a and Pseudomonas fluorescens 
UA5-40 were obtained from T.B. Moorman, USDA-ARS, Ames, LA. P. fluorescens UA5-40 
was originally isolated by R. M. Zablotowicz, Southern Weed Science Laboratory, 
Agricultural Research Center, USD A, Stoneville, MS. The A. radiobacter J 14a were 
prepared by incubating the bacteria in 150 mL of enrichment medium designated BMA 
(Basal Minimal Salts), for 5 days at 27 °C on a rotary shaker at 100 rpm. BMA is a mixture 
of a basal minimal salts medium supplemented with 1 g each of sodium citrate and sucrose as 
carbon sources, 20 mL of a trace elements solution, 20 mL of a vitamin solution, and 50 mg 
of atrazine in 1 liter of deionized water [5]. Cells were harvested by centrifugation at 20 °C 
at 6500 x g for 30 min and washed twice with 50-mL aliquots of sterilized 0.0125 M 
phosphate buffer (pH 7.2). The cells were resuspended in the phosphate buffer and 
quantified by plate count techniques. 
Inoculum of P. fluorescens UA5-40 was prepared by growing the bacteria in 200 mL of 
0.5-strength tryptic soy broth containing 10 mg of MET for 2-3 days at 27 °C on a rotary 
shaker at 100 rpm. The harvest procedures and quantitation were the same as for A. 
radiobacter J 14a. 
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Soil study 
The current research is made up of four different studies, and an overview of their design 
is shown in Table 2. A diagram of a typical test system is shown in Figure 1. The phosphate 
buffer containing the bacteria was added to the aged soils by using a 2-mL serological 
pipette. After inoculation the soils were placed in the Ray Leach "Cone-Tainers" (Stuewe & 
Sons, Inc., Corvallis, Oregon), and the grasses were planted in the cones. Each cone 
contained 6 to 12 grass plants. 
Table 2. Overview of the four studies 
Study No. Soil l" inoculation and/or 
vegetation (days post-
chemical application) 
2" inoculation and 
vegetation (days post-
chemical application) 
End of the study 
(days post-chemical 
application) 
Alpha 
Alpha 
Bravo 
Bravo 
14 
67 
14 
56 
213 
71 
269 
71 
171 
Plants 
One 
sell 
Figure I. Apparatus used to study the influence of inoculation and vegetation on the degradation of atrazine 
and metoiachlor 
Alpha soil short-term study. This experiment was designed to examine the influence of a 
mixture of the three native prairie grasses and JI4a on the degradation of ATR and MET 
which were added to soil and aged in soil for two weeks. Alpha soils were treated uniformly 
with a mixture of ATR and MET solutions to obtain a soil concentration of 100 pg g'1 soil 
(dry weight) for ATR and 25 |ig g*1 soil (dry weight) for MET. The chemicals were aged for 
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14 days in the greenhouse at a temperature of 27 ± 2 °C before the following four treatments 
were added: addition of J14a (107 cells g"1 of soil), vegetation, addition of both J14a (107 
cells g"1 of soil) and vegetation, and addition of only phosphate buffer (control). The soils 
were watered with approximately five mL of water per cone on a weekly basis during the 
aging period. There were four replications for each treatment, and each replication contained 
80 g of soil (dry weight). The treated soils were kept in the greenhouse, and water was added 
to the soils on a daily basis to maintain adequate moisture until the end of the study. The 
study was ended at 71 days post-chemical application. Concentrations of ATR and MET 
were determined at 14 and 71 days post-chemical application. The reported percentage of 
remaining ATR or MET at 71 days post-chemical application was calculated by dividing the 
concentrations of ATR or MET at day 71 by the concentrations at day 14, then multiplied by 
100. 
Alpha soil long-term study. This experiment was designed to examine the influence of a 
mixture of the three native prairie grasses, and the bacterial strains J 14a, and UA5-40 on the 
degradation of ATR and MET which were added to soil and aged in soil for 67 days. Alpha 
soils were treated uniformly with a solution that provided 194 pg g"1 soil of ATR and 170 pg 
g"1 soil of MET. The soils were aged for 67 days in the greenhouse at a temperature of 27 ± 
2 °C, and were watered approximately five mL per cone on a weekly basis during the aging 
period. After aging, the soils were treated with the bacteria and the grasses. The treatments 
are summarized in Table 3. There were four replications for each treatment, and each 
Table 3. Treatments summary for Alpha soil long-term study 
Treatment Application at 67 day * Application at 213 days * 
I J 14a + Vegetation J 14a + Vegetation 
2 UA5-40 + Vegetation UA5-40 + Vegetation 
3 J14a + UA5-40 + Vegetation JI4a * UA5-40 + Vegetation 
4 Phosphate buffer + Vegetation Phosphate buffer + Vegetation 
5 J 14a JI4a 
6 UA5-40 UA5-40 
7 J14a + UA5-40 Jl4a + UA5-40 
8 Phosphate buffer Phosphate buffer 
1J 14a or UA5-40 was inoculated at 107 cells g"1 soil 
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replication contained 115 g of soil (dry weight). After treatment the soils were kept in the 
greenhouse, and water was added to the soils on a daily basis to maintain adequate moisture. 
Because the herbicide concentrations were high when vegetation was introduced (the average 
concentrations of ATR and MET were 163 and 137 pg g*1, respectively), all the grasses died 
during the first 10 days after vegetation. The plant debris was removed from the soils, and a 
second inoculation and vegetation was carried out at 213 days post-chemical application. 
The study was ended at 269 days post-chemical application. Concentrations of ATR and 
MET were determined at 67,213, and 269 days post-chemical application. The reported 
percentage of remaining ATR or MET at 213 days post-chemical application was calculated 
by dividing the concentrations of ATR or MET at day 213 by the concentrations at day 69, 
then multiplied by 100. The reported percentage of remaining ATR or MET at 269 days 
post-chemical application was calculated by dividing the concentrations of ATR or MET at 
day 269 by the concentrations at day 213, then multiplied by 100. 
Bravo soil short-term study. This experiment was designed to examine the influence of a 
mixture of the three native prairie grasses and nitrogen fertilizer on the degradation of ATR 
and MET residues which were added to soil and aged for two weeks. Bravo soils were 
treated uniformly with a mixture of ATR and MET, providing 119 ng g"' soil of ATR and 34 
Hg g'1 soil of MET. The chemicals were aged for 14 days in the greenhouse before the 
following four treatments were added to soils: addition of NH4NO3 (equivalent to 36.3 
kg/ha), vegetation, addition of both NH4NO3 (equivalent to 36.3 kg/ha) and vegetation, and 
addition of only phosphate buffer (control). The soils in each cone were watered 
approximately five mL on a weekly basis during the aging period. There were four 
replications for each treatment, and each replication contained 80 g of soil (dry weight). 
After the treatments the soils were kept in the greenhouse at a temperature of 27 ± 2 °C, and 
water was added to the soils on a daily basis to maintain adequate moisture. The study was 
ended at 71 days post-chemical application. The concentrations of ATR and MET were 
determined at 14 and 71 days post-chemical application. The reported percentage of 
remaining ATR or MET at 71 days post-chemical application was calculated by dividing the 
concentrations of ATR or MET at day 71 by the concentrations at day 14, then multiplied by 
100. 
Bravo soil long-term study. This experiment was designed to examine the influence of a 
mixture of the three native prairie grasses, a mixture of J 14a and UA5-40, and nitrogen 
fertilizer on the degradation of ATR and MET which were added to soil and aged in soil for 
56 days. Bravo soils were treated uniformly with a mixture of ATR and MET solutions to 
obtain 104 gg g'1 soil of ATR and 25 pg g"1 soil of MET. The chemicals were aged for 56 
20 
days in the greenhouse before the soils were treated with the following eight treatments: 
inoculation without the addition of NH4NO3, inoculation with the addition of NH4NO3, 
addition of NH4NO3 without inoculation, and addition of phosphate buffer (control), each 
with or without vegetation. Inoculation included both J14a and UA5-40 each at 107 cells g"1 
of soil. The amount of NH4NO3 added was equivalent to 36.3 kg/ha. The soils in each cone 
were watered approximately 5 mL on a weekly basis during the aging period. There were 
four replications for each treatment, and each replication contained 115 g of soil (dry 
weight). After the treatment the soils were kept in the greenhouse at a temperature of 27 ± 2 
°C, and water was added to the soils on a daily basis to maintain adequate moisture. 
Concentrations of ATR and MET were determined at 56 and 171 days post-chemical 
application. The reported percentage of remaining ATR or MET at 171 days post-chemical 
application was calculated by dividing the concentrations of ATR or MET at day 171 by the 
concentrations at day 56, then multiplied by 100. A l4C-Most-Probable-Number (MPN) 
experiment using 14C-U-ring ATR as a N source was done to determine the number of ATR-
mineralizing microorganisms present in Bravo soil at the end of the study [16]. An aliquot of 
five grams (wet weight) was taken from each replication of each treatment. The soil aliquots 
from four replications of each treatment were combined and mixed, and a 10-g subsample 
was taken from the combined soil of each treatment for preparation of an initial 10"' soil 
dilution. 
Extraction and gas chromatographic analysis 
Soil aliquots of 25-g (wet weight) were treated with 50 mL of ethyl acetate, and the soil-
solvent mixture was shaken for 20 min. The extract was removed from the soil by filtration 
through a glass micro-fiber filter. The extraction was repeated two more times. Solvent 
extracts were combined and concentrated to approximate five mL by rotary evaporation, and 
then reconstituted to a final volume of 10 mL with ethyl acetate. Chemical analysis used a 
Shimadzu GC-9A gas chromatograph (Kyoto, Japan) equipped with a flame-thermionic 
detector (NPD). The analytical conditions were: injector temperature 250 °C; detector 
temperature 250 °C; column: glass packed with 80/100 mesh 3% OV-17 (Supleco Inc., 
Bellefonte, PA), 12 m length x 3 mm i.d.; column temperature 230 °C; carrier gas helium; 
flow rate 45 mL min"1. The extraction efficiency for ATR and MET was 107 (± 9)% and 
98 (± 0.1)%, respectively. The quantitation limit = (the concentration (gg mL"1) of the 
standards required to give a signal-to-noise ratio of 2:1) * (10 mL of the soil extract)/25 g 
soil. For ATR and MET this limit was evaluated as 0.078, and 0.313 pg g"\ respectively. 
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Statistical analysis 
All data were analyzed by analysis of variance (ANOVA). Confidence intervals for the 
MPN procedure were determined by using Cochran's methods [25]. 
RESULTS 
Alpha soil short-term study 
The average concentrations of ATR and MET before vegetation and inoculation were 
93.3 ± 4.5, and 24.2 ± 2.0 pg g"1, respectively. The mixture of the prairie grasses had a 
significant effect on the degradation of both ATR and MET (Table 4). J 14a significantly 
decreased the percentage of remaining ATR (P = 0.0553) (Table 5). J 14a had no significant 
effect on the degradation of MET (P = 0.1284). The remaining MET at day 71 was 67.7%. 
The second-order interaction (vegetation x J 14a) was significant (P = 0.0573) for the 
degradation of ATR (Table 6), but not for the degradation of MET (P = 0.3353). The effect 
of inoculation of J 14a on the degradation of atrazine was significantly greater in the 
unvegetated soil than in the vegetated soil (Table 6). Vegetation did not significantly 
enhance the degradative ability of J14a (P = 1.0). 
Alpha soil long-term study 
The concentrations of atrazine and metolachlor in Alpha soil long-term study before the 
treatment with vegetation, J 14a, and UA5-40 are shown in Table 7. The mixture of the 
prairie 
Table 4. Degradation of atrazine and metolachlor in planted and nonplanted Alpha soil 57 
days after vegetation. Atrazine and metolachlor were aged for 14 days before vegetation. 
Data are reported as percentage of remaining atrazine at 71 days post-chemical application. 
Atrazine Metolachlor 
Vegetation 2.3 47.4 
No vegetation 12.1 74.0 
Pr> F 0.0466 0.0092 
Standard error of mean 3.1 6.1 
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Table 5. Degradation of atrazine in inoculated and noninoculated Alpha soil 57 days after 
inoculation. Atrazine was aged for 14 days before inoculation. Data are reported as 
percentage of remaining atrayine at 71 days post-chemical application. 
Atrazine 
A. radiobacter J 14a 2.5 
No inoculation 11.9 
Pr > F 0.0553 Standard error of mean =3.1 
Table 6. The interaction of inoculation of A. radiobacter J 14a and vegetation on the 
degradation of atrazine in Alpha soil 57 days after vegetation and inoculation. Atrazine 
was aged for 14 days before inoculation and vegetation. Data are reported as 
percentage of remaining atrazine at 71 days post-chemical application. 
A. radiobacter J 14a No inoculation 
Vegetation 2.3 2.3 
No vegetation 2.8 21.5 
Pr > F 0.0573 Standard error of mean =3.1 
grasses did not significantly enhance the degradation of ATR or MET at 213 days post-
chemical application (P = 0.4996 for ATR and P = 0.0666 for MET). In the vegetated soil, 
the remaining ATR and MET at day 213 was 3.5% and 49.7% respectively, while in the 
unvegetated soil, the remaining ATR and MET was 2.9% and 56.6%, respectively. No 
statistical differences were seen in the remaining ATR between the vegetated soil and the 
unvegetated soil at 269 days post-chemical treatment (P = 0.3954), which was 90.5% for the 
vegetated soil and 94.6% for the unvegetated soil, respectively. However, the percentage of 
remaining MET in the vegetated soil at day 269 was significantly less than that in the 
unvegetated soil (P = 0.0001) (Table 8). Inoculation of J14a or UA5-40 did not have any 
significant effect on the degradation of ATR at 213 days post chemical-application (P = 
0.5198 for J14a and P = 0.8727 for UA5-40) or MET (P = 0.2779 for J14a and P = 0.4464 for 
UA5-40). The percentage of remaining ATR at 213 days post-chemical application for J Ma-
inoculated soil and uninoculated soil was 2.9% and 3.4%, respectively. The remaining MET 
was 54.4% for the UA5-40-inoculated soil and 51.9% for the uninoculated soil at 213 days 
post-chemical application. The second inoculation of JI4a and UA5-40 did not significantly 
enhance the degradation of ATR (P = 0.6900 for J14a and P = 0.1147 for UA5-40) and MET 
(P = 0.0853 for J14a and P = 0.6108 for UA5-40) either. The remaining ATR in the soil 
inoculated with J14a and the remaining MET in the soil receiving the inoculation of UA5-40 
at the end of the study was 93.3% and 72.6% respectively, while in the uninoculated soil, 
they were 91.6% and 75.5%, respectively. Only the second-order interactions (vegetation x 
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Table 7. The concentrations of atrazine and metolachlor in Alpha soil long-term study 
before the treatment with vegetation, A. radiobacter J 14a, and P.fluorescens UA5-40 . 
Soil for the treatments with vegetation 
Atrazme*(ng/g) 
132.7(29.0) 
Metolachlor* (ng/g) 
114.1(19.2) 
Soil for the treatments without vegetation 194J (22.3) 161.3 (31.9) 
Soil for the treatments with J 14a 156.4(47.5) 135.0 (40.5) 
Soil for the treatments without J 14a 168.2(32.9) 138.7(30.5) 
Soil for the treatments with UA5-40 159.9 (45.9) 137.8 (40.0) 
Soil for the treatments without UA5-40 165.0 (35.8) 136.1(312) 
1 Standard deviations are given in the parentheses 
Table 8. Degradation of metolachlor in planted and nonplanted Alpha soil 56 days after 
second vegetation. Data are reported as percentage of remaining metolachlor at 269 
days post-chemical application. 
Metolachlor 
Vegetation 55.4 
No vegetation 94.0 
Pr> F 0.0001 Standard error of mean =2.3 
Table 9. The interaction of inoculation of P.fluorescens UA5-40 and vegetation on the 
degradation of metolachlor in Alpha soil 146 days after inoculation and vegetation. 
Metolachlor was aged for 67 days before inoculation and vegetation. Data are reported 
as percentage of remaining metolachlor at 213 davs post-chemical application. 
P. fluorescens UA5-40 No inoculation 
Vegetation 56.2 43J 
No vegetation 52.3 60.4 
Pr> F0.0I26 Standard error of mean = 2.3 
Table 10. The interaction of inoculation of P. fluorescens UA5-40 and A. radiobacter J 14a 
on the degradation of metolachlor in Alpha soil 146 days after inoculation. Metolachlor 
was aged for 67 days before inoculation. Data are reported as percentage of remaining 
metolachlor at 213 davs post-chemical application. 
P. fluorescens UA5-40 No UA5-40 
A. radiobacter J 14a 62.8 482 
No 114a 47.0 55.5 
Pr> F 0.0054 Standard error of mean =2.3 
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UA5-40, and J14a x UA5-40) had significant effects on the degradation of MET at 213 days 
post-chemical application (Table 9 and 10). 
Bravo soil short-term study 
The average concentrations of ATR and MET before vegetation and addition of N 
fertilizer were 68.6 ± 22.7, and 30.6 ± 2.4 jig g"1, respectively. MET was less persistent in 
the vegetated soil than in the unvegetated soil (P = 0.0008) (Table 11). However, the 
degradation of ATR was not influenced by the presence of the prairie grasses (P = 0.4817). 
The remaining amount of ATR was 13.6 % in the vegetated soil compared with 12.6% in the 
unvegetated soil. No significant differences were seen in the percentage of remaining ATR 
or MET between N-amended soil and the soil without N fertilizer (P = 0.8049 for ATR and P 
= 0.7461 for MET). In the N-amended soil, the remaining ATR and MET was 12.9% and 
58.0%, respectively, while 13.3% of ATR and 59.3% of MET remained in the nonamended 
soil. The second-order interaction (N fertilizer x vegetation) was not significant for the 
degradation of ATR or MET (P = 0.7619 for ATR, and P = 0.8531 for MET). 
Bravo soil long-term study 
The concentrations of atrazine and metolachlor in Bravo soil long-term study before the 
treatment with vegetation, J14a and UA5-40, and nitrogen fertilizer are shown in Table 12. 
Degradation of MET was significantly greater in the vegetated soil than in the unvegetated 
soil (P = 0.0229) (Table 13). However, no significant enhanced degradation of ATR was 
seen in the vegetated Bravo soil compared with that in the unvegetated soil (P = 0.7153). At 
the end of the study, the remaining amount of ATR was 9.9% and 10.3% in the vegetated and 
unvegetated soils, respectively. N fertilizer did not have any significant influence on the 
degradation of ATR or MET (P = 0.0840 and P = 0.9881, respectively), with 9.0% ATR 
remaining and 62.4% MET remaining in the N-amended soil compared with 11.3% ATR 
remaining and 61.9% MET remaining in the nonamended soil. No significant differences 
were seen in the remaining amount of ATR between the soils inoculated with J 14a and UA5-
40 and the uninoculated soils (11.3% and 9.0%, respectively; P = 0.0833). The inoculation 
of J14a and UA5-40 did not significantly decrease the remaining MET (P = 0.1447), with 
64.9% remaining in the inoculated soils and 59.2% in the uninoculated soils. Interactions at 
the third-order (inoculation x N fertilizer x vegetation), and all the second-order interactions 
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Table 11. Degradation of metolachlor in planted and nonplanted Bravo soil 57 days after 
vegetation. Metolachlor was aged for 14 days before vegetation. Data are reported as 
percentage of remaining metolachlor at 71 days post-chemical application. 
Metolachlor 
Vegetation 50.0 
No vegetation 673 
Pr > F 0.0008 Standard error of mean =0.03 
(inoculation x N fertilizer, inoculation x vegetation, and N fertilizer x vegetation) were not 
significant. 
The MPN showed that vegetation significantly increased the ATR-mineralizing 
microorganisms only in the inoculated soil, but not in the uninoculated soil (Table 14). Also, 
ATR-mineralizing microorganisms were significantly more numerous in the N-amended soil 
than in the soil without the amendment of N. In the soil without vegetation and N 
amendment, ATR-mineralizing microorganisms were significantly more numerous in the 
uninoculated soil than in the inoculated soil, probably due to the indigenous ATR-
mineralizing microorganisms. 
A summary of the results of the four studies 
A summary of the results of the four studies is shown in Table 15 and Table 16. 
Table 12. The concentrations of atrazine and metolachlor in Bravo soil long-term study before the 
treatment with vegetation, A. radiobacter J14a, P.fluorescens UA5-40, and nitrogen fertilizer. 
Soil for the treatments with vegetation 
Atrazine *(ng/g) 
49.1 (8.1) 
Metolachlor "(pg/g) 
273 (3.5) 
Soil for the treatments without vegetation 41.6(12.1) 27.8(1.6) 
Soil for the treatments with J 14a and UA5-40 422 (82) 272(2.5) 
Soil for the treatments without J14a and UA5-40 48.6(12.4) 27.8 (3.0) 
Soil for the treatments with nitrogen fertilizer 50.4 (6.9) 27.9(2.4) 
Soil for the treatments without nitrogen fertilizer 403(11.9) 272(3.0) 
1 Standard deviations are given in the parentheses 
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Table 13. Degradation of metolachlor in planted and nonplanted Alpha soil 115 days after 
vegetation. Metolachlor was aged for 56 days before vegetation. Data are reported as 
percentage of remaining metolachlor at 171 days post-chemical application. 
Metolachlor 
Vegetation 57.1 
No vegetation 67.5 
Pr > F 0.0229 Standard error of mean =2.7 
Table 14. Effect of vegetation, inoculation of A. radiobacter J 14a, and NH4NO3 on the 
population of atrazine-degrading microorganisms (cells g"1 soil x 104) in Bravo soil at 
171 days post-chemical application (corresponding 95% confidence intervals are given in 
parentheses) 
Vegetation No vegetation 
Inoculation, N 21.7 (6.6-72) 1.6 (0.5-5.3) 
Inoculation, no N 0.7(02-2.4) 0.1 (0.02-02) 
No inoculation, N 31.5 (9.5-104) 4.6 (1.4-15) 
No inoculation, no N 2.7(0.8-8.8) 3.1 (0.9-10) 
Table 15. An overview of the main effects of inoculation (A. radiobacter Jl4a and P.fluorescens 
UA5-40), vegetation, and nitrogen fertilizer (NH4NO3) on the degrdation of atrazine and 
metolachlor in Alpha and Bravo soils. 
Study Chemical Inoculation Inoculation Vegetation NH4NO3 
with Jl4a with UA5-40 
Atrazine Yes Yes 
Alpha short-term 
Study Metolachlor No - Yes 
-
Atrazine No No No 
Alpha long-term 
Study Metolachlor No No No* Yes" -
Atrazine - - No No 
Bravo short-term 
Study Metolachlor -
-
Yes No 
Atrazine No No No No 
Bravo long-term 
Study Metolachlor No No Yes No 
"Yes" means significant (P < 0.058 or P < 0.01), "No" means not significant (P > 0.058) 
1 The result at 213 days post-chemical application b The result at 269 days post-chemical application 
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Table 16. An overview of the interactions among inoculation {A. radiobacter J 14a and P.fluorescens 
UA5-40), vegetation, and nitrogen fertilizer (NH4NO3) on the degrdation of atrazine and 
metolachlor in Alpha and Bravo soils. 
Study Chemical J14ax J Max UA5-40 X Vegetation x NH4NO3X 
UA5-40 vegetation vegetation NH4NO3 J14ax UA5-40 
Atrazine Yes 
Alpha short-term 
study Metolachlor - No -
- -
Atrazine No No No 
Alpha long-term 
study Metolachlor Yes'No" No Yes'No" 
- -
Atrazine No 
Bravo short-term 
study Metolachlor - - - No -
Atrazine No No No No No 
Bravo long-term 
study Metolachlor No No No No No 
"Yes" means significant (P < 0.05 or P < 0.01 ), "No" means not significant (P >0.05) 
1 Result at 213 days post-chemical application b Result at 269 days post-chemical application 
DISCUSSION 
Soil contaminants 
Residual (background) concentrations of ATR and MET from Alpha site were low, with 
amounts no greater than 0.3 pg g"1 soil [16]. A trace amount of trifluralin (0.1 pg g"1 soil) 
was also detected in the Alpha soil. For the Bravo soil, ATR, MET, pendimethalin, and 
trifluralin were detected, with amounts no greater than 0.9 jig g"1 dry soil [16]. Since the 
average background concentrations of contaminants were low, soils were spiked with a 
herbicide mixture of ATR and MET at concentrations that might be encountered in the 
agricultural dealership sites. 
Degradation of ATR by bacteria 
Strain J 14a augmentation was successful in enhancing biodégradation of ATR only in the 
Alpha soil short-term study. Previous reports showed that 94 to 98% of [I4C-U-ring]ATR 
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was mineralized by J14a in medium [5,26]. Although mineralization was not monitored in 
this study, the rapid degradation of ATR is consistent with those findings. ATR-glutathione 
S-transferase (GST) activity was not observed in UA5-40 [27]. Therefore, that UA5-40 did 
not have an effect on the degradation of ATR is not a surprise. The failure to accelerate ATR 
degradation by J 14a in the Alpha soil long-term study after the first inoculation is probably 
caused by the inactivity of J14a in the presence of a high concentration of metolachlor, 
and/or the rapid degradation of ATR, and/or sequestration of ATR into the soil micropores in 
the uninoculated soil. Moorman et al. [28] reported that high concentrations of MET (200 
mg kg"1) inhibited ATR mineralization and atrazine-degrading microorganisms in Bravo soil. 
However, Krager et al. [29] found that 200 mg kg"1 of MET did not inhibit ATR 
mineralization and atrazine-degrading microorganisms in Bravo soil. The average MET 
concentration was 140 pg g'1 when the first inoculation was carried out in this study, and 
therefore, whether J 14a was suppressed by metolachlor is unknown. ATR was aged for 14 
and 67 days, respectively, in the Alpha soil short and long-term study before the inoculation 
of J14a. Another study conducted in this laboratory showed that the amounts of l4C0î 
evolved and 14C-ATR recovered among the ATR-treated Alpha soils aged for 6,37, and 68 
days were not significantly different [30]. This indicates that the bioavailability of ATR as 
measured by the amounts of 14CO% evolved was not significantly different between the Alpha 
soil aged for 6 days and the Alpha soil aged for 68 days. Therefore, the bioavailability of 
ATR was not significantly different between the Alpha soil short and long-term study when 
the first inoculation of J14a was carried out. ATR had a half-life of 24.7 days in the 
vegetated Alpha soil [30]. The remaining ATR was 3.44% in the uninoculated soil at 213 
days post-chemical application. Therefore, the degradation and sequestration of ATR 
occurred rapidly in the uninoculated soil. Arthur et al. [16] also noted the rapid degradation 
of ATR in Alpha soil. Therefore, it is possible that the degradation of ATR is initially 
greater in the inoculated soil than in the uninoculated soil after the first inoculation of J 14a in 
the Alpha long-term study to a point where ATR is no longer bioavailable. This may be 
followed by a greater degradation rate in the uninoculated soil where ATR is still 
bioavailable compared to the inoculated soil which has depleted ATR bioavailability as a 
result of degradation and/or sequestration of ATR. Ultimately, the remaining ATR may 
reach the same level in both inoculated soil and uninoculated soil when ATR reaches a state 
where it is no longer bioavailable in either treatment 
The second inoculation of J14a in the Alpha soil long-term study also failed to enhance 
the degradation of ATR. One possible reason might be the limited bioavailability of ATR, 
since the remaining ATR was very low at the beginning of the second inoculation (4.9 gg 
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g"1). Newcombe and Crowley [31] reported that after several inoculations of soil with an 
ATR-degrading bacteria consortium or Pseudomonas sp. strain ADP, the mineralization of 
ATR significantly increased compared with that from soil inoculated only once. However, 
the consortium or ADP was applied to soil every 3 days as opposed to two inoculations at 
146 days apart in the current research, thus, the bioavailability of ATR after the first several 
inoculations probably was not limited in their study. Others noted that repeating inoculation 
of Streptomyces sp. did not enhance MET transformation [32]. 
The absence of a response to J 14a inoculation in the Bravo soil appears to be related to 
the rapid degradation of ATR by indigenous ATR-degraders and may be related to lack of 
competitiveness of J 14a in the soil with the indigenous degraders. The numbers of 
indigenous ATR-mineralizing microorganisms were low in the Alpha soil [5,16,30]. 
However, much higher numbers of ATR-mineralizing microorganisms were noted in the 
Bravo soil. The number of indigenous ATR-mineralizing microorganisms in the Bravo 
control soil were either not significantly different or were greater than those in soil with 
various treatments (Table 14). The number of indigenous ATR-mineralizing microorganisms 
in Bravo soil is comparable with those found by others [5,16]. The large indigenous 
population of ATR-mineralizing microorganisms in Bravo soil was effective in mineralizing 
ATR, and addition of J 14a did not generally increase total ATR mineralization [5]. Anhalt et 
al. [33] noted that the concentration of ATR decreased from 50 to less than 3 pg g"1 after 160 
days of incubation in Bravo soil. Another study conducted in this laboratory showed that 62 
and 49% of the applied 14C-ATR was evolved as '4CO% after 36 days of incubation in Kochia 
scoparia rhizosphere soil and non-rhizosphere soil from the Bravo site, respectively [19]. A 
different study from this laboratory showed that 2 and 7.3% of the applied l4C-ATR were 
extractable from rhizosphere soils and unvegetated soils treated at 50 pg g'1 from the Bravo 
site after 36 days of incubation, respectively [16]. The rapid degradation of ATR in Bravo 
soil indicates that remediation of the ATR-contamination in Bravo soil may not be necessary. 
Degradation of MET by bacteria 
Strain UA5-40 augmentation was not successful in increasing biodégradation of MET in 
either the Alpha or the Bravo soil. In this study, MET is more persistent than ATR in both 
soils. The average concentration of MET in the beginning of the second vegetation in the 
Alpha soil long-term study was 71 ng g"1. Others also noted that the majority of MET 
applied was recovered in the solvent extracts after 160 days of incubation in soils [33,34], 
The number of indigenous MET degraders in both Alpha and Bravo soils was very low [16], 
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and less than 10% of the added MET was mineralized by indigenous bacteria [16,19]. 
Therefore, bioavailability of MET is probably not limited during the current studies. UA5-40 
was capable of only co-metabolic transformation of alachlor via GST-mediated 
dechlorination [27]. Hoagland et al. [18] reported that the treatment with com plus UA5-40 
significantly decreased the concentration of MET in soil. The soil treated with com, 
benoxacor, and UA5-40 had significantly lower residual MET than the soil treated with corn 
plus UA5-40. UA5-40 did transform MET in media [18]. An analog is probably needed to 
enhance the degradation of MET by UA5-40 in soil. 
Degradation of ATR and MET by the plants 
Vegetation significantly enhanced the degradation of ATR only in the Alpha soil short-
term study. Arthur et al. [16] reported that K. scoparia significantly decreased the 
extractable ATR in Alpha soil. Alvey and Crowley [15] noted that corn enhanced the 
formation of hydroxyatrazine. In the Alpha soil long-term study, the death of the plants after 
the first transplanting of vegetation is probably the reason that vegetation had no significant 
effect on the degradation of ATR and MET at 213 days post-herbicide application. 
Therefore, it is critical that plant species can tolerate greater concentrations of pesticide 
mixtures in soil during phytoremediation. After revegetation, vegetation did not result in 
significant enhancement of ATR degradation either. Uptake from roots by plants is one of 
the ways to remediate the contaminants, and the uptake depends on the bioavailability of the 
chemicals [12,14]. The average concentrations of ATR before vegetation in the Alpha soil 
short-term study and before the second vegetation in the Alpha soil long-term study were 
93.3 and 4.9 |ig g*1, respectively. Therefore, the portion of ATR which can be used by 
microbes as a nutrient source in the Alpha soil short-term study was much higher than that in 
the Alpha soil long-term study. The difference of the amounts of the bioavailable ATR in the 
Alpha soil short- and long-term studies is probably the reason for the different behavior of 
vegetation on the degradtion of ATR in the two studies. Vegetation significantly decreased 
the residue level of MET in all four of the studies. This indicates that aging metolachlor-
treated soils did not influence the degrading capacities of the plants in both soils. 
The conditions of the Alpha and Bravo soil short-term studies are very similar, however, 
the effect of vegetation is different Vegetation had no effect on increasing biodégradation of 
ATR in Bravo soil, and this failure appears to be related to the effective mineralization of 
ATR by indigenous degraders in that soil. Addition of the prairie grasses resulted in 
enhanced degradation of MET. This may be caused by the increased uptake of MET by 
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roots, or the transport of MET to the root zone by the évapotranspiration of the plants and 
subsequent transformation by rhizosphere microflora. Others have noted that com and 
aquatic plants, such as coontail {Ceratophyllum demersum), American elodea (Elodea 
canadensis), and common duckweed (Lemna minor), were effective in enhancing the 
degradation of MET in soil [18] or water [35], respectively. 
The interaction among vegetation, J14a, and UA5-40 
Vegetation did not significantly enhance the activity of J14a on the degradation of ATR. 
Alvey and Crowley [15] also noted that corn plants did not enhance the mineralization of 
ATR in the soil with a low indigenous population of ATR degraders inoculated with an 
ATR-mineralizing bacterial consortium. Corn can enhance the survival of ATR-degraders in 
soil [15]. MPN results from the Bravo soil study also showed that vegetation significantly 
increased the number of ATR-mineralizing microorganisms in the J14a-inoculated soils. The 
failure of the plants to enhance the degradative activity of J14a on ATR is probably related to 
the efficient degradation of ATR by J14a. J14a itself can markedly decrease the ATR residue 
in Alpha soil. This argument is supported by the results from the Bravo soil studies in 
current research, as vegetation did not have a significant effect on the degradation of ATR in 
Bravo soil, in which the indigenous ATR-degraders can mineralize ATR efficiently [5]. 
Strains J 14a and UA5-40 had a significant interaction on the degradation of MET, but not 
ATR, at 213 days post-chemical application. The possible reason is that both organisms may 
be competing for carbon, phosphorus, and inorganic nutrients in the soil. J 14a actively 
mineralizes ATR, and uses carbon and nitrogen from ATR and carbon and other inorganic 
nutrients from soil for growth. However, UA5-40 can not use MET as a nutrient source and 
does not grow since it is capable of only cometabolism of MET. Therefore, the capacity for 
using carbon and inorganic nutrients from the soil by UA5-40 may be influenced by the 
presence of J 14a. Whether the negative interaction between vegetation and UA5-40 on the 
degradation of MET might be caused by an antagonistic interaction between UA5-40 and the 
rhizosphere consortia due to the high rhizosphere competence of UA5-40 is a matter of 
speculation. 
The effect ofnitrogen fertilizer on the degradation of ATR 
Nitrogen fertilizer had no effect on the degradation of ATR by J14a and indigenous ATR 
degraders. Our result is consistent with the findings of Strathers et al. and Bichat et al. who 
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reported that degradation of ATR by J14a was not affected by the presence of exogenous N 
in medium [5,8]. However, others reported that ATR degradation by indigenous ATR-
degraders was suppressed after the addition of exogenous N [36-37], 
CONCLUSIONS 
The effects of J 14a and the native prairie grasses on the degradation of ATR depend on 
the bioavailability of ATR and the presence of indigenous ATR-degraders in soil. When the 
bioavailability of ATR was not limited based on the high concentrations of ATR before 
vegetation or inoculation, J14a and vegetation with a mixed species of prairie grasses 
significantly decreased the ATR residues in Alpha soil which contained low numbers of 
indigenous ATR-mineralizing microorganisms. On the other hand, when the bioavailability 
of ATR was very low based on the low concentrations of ATR before vegetation or 
inoculation, no accelerated degradation was seen with inoculation and vegetation in the same 
soil. In soil with a high population of indigenous ATR-mineralizing microorganisms, 
inoculation of J 14a and addition of the prairie grasses did not influence the degradation of 
ATR. Nitrogen fertilizer did not affect the degradation of ATR by J14a. The native prairie 
grasses significantly decreased the MET residues in both soils. Augmentation with J 14a and 
phytoremediation with native prairie grasses could provide an inexpensive, effective, and 
aesthetically pleasing way to remediate ATR- and MET-contaminated soil at concentrations 
up to and exceeding those currently reported at the agricultural dealership sites. 
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CHAPTER 3. THE INFLUENCE OF MICROBIAL INOCULATION {PSEUDOMONASSP. 
STRAIN ADP), THE ENZYME ATRAZINE CHLOROHYDROLASE, AND 
VEGETATION ON THE DEGRADATION OF ATRAZINE AND METOLACHLOR IN 
SOIL 
A paper to be submitted to Journal of Agricultural and Food Chemistry 
Shaohan Zhao, Ellen L. Arthur1, Lawrence P. WacketT, and Joel R. Coats 
Department of Entomology, Iowa State University, Ames, IA 50011 
The concentrations of both freshly added and aged atrazine residues significantly 
decreased one day after the addition of the enzyme atrazine chlorohydrolase or the soil 
bacterium Pseudomonas sp. strain ADP compared with those in uninoculated soils. 
Atrazine chlorohydrolase or ADP had no effect on the degradation of metolachlor. The 
half-lives for both freshly added and aged atrazine residues in the soils added with 
atrazine chlorohydrolase or ADP markedly decreased compared with those in the 
uninoculated soil. The half-lives of aged metolachlor were much greater than those of 
freshly added metolachlor. The percentage of remaining atrazine, which was aged for 56 
days prior to the addition of atrazine chlorohydrolase or ADP, was significantly greater 
than that without aging after the treatment with atrazine chlorohydrolase or ADP. This 
indicates that aging significantly decreased the bioavailability of atrazine. Vegetation 
significantly decreased the concentration of metolachlor. However, vegetation had no 
effect on the degradation of atrazine. 
Keywords: Atrazine; metolachlor; atrazine chlorohydrolase; Pseudomonas sp. strain ADP; 
degradation; vegetation; bioavailability 
INTRODUCTION 
The frequent detection of a freine (ATR, 2-chloro-4-ethyIamino-6-isopropylamino-s-
triazine) and metolachlor (MET, 2-chloro-N- (2-ethyl-6-methylphenyl)-N- (methoxyprop-2-
yl) acetamide) in surface and groundwater and high contamination levels of ATR and MET 
at agrochemical dealership sites have prompted extensive research on the remediation of 
T Bayer Corporation, 17745 South Metcalf, ACRII, Stilwell, KS 66085. 
1 Department of Biochemistry, Biological Processes Technology Institute, Center for Biodégradation Research 
& Informatics, 240 Conner Laboratories, University of Minnesota, St Paul, MN 55108-6106. 
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these compounds. Several bacteria, Pseudomonas sp. strain ADP, M91-3, Agrobacterium 
radiobacter strain J14a, and Pseudomonas strain YAYA6, which can mineralize ATR 
completely, have been isolated from ATR-contaminated soils and have been investigated to 
remediate ATR-contaminated soils in laboratory studies (1-4). The success of 
bioaugmentation with the bacteria in soils is affected by several factors. The effectiveness of 
J 14a, and YAYA6 on the mineralization of ATR was negatively affected by 
the presence of the indigenous ATR degraders in soils (4,5). An additional carbon source 
was needed for ADP to mineralize high concentration of ATR (2). Mineralization of ATR by 
M91-3 was inhibited by exogenous nitrogen (6). A successful field-scale remediation of 
ATR-contaminated soil by using atrazine chlorohydrolase expressed by recombinant 
Escherichia coli (£. coif) was reported (7). 
Strain ADP uses ATR as the sole source of nitrogen for growth and metabolizes ATR to 
CO2 and ammonia (2). The ATR degradation pathway is initiated by three enzymatic steps, 
which are encoded by three genes. The first gene, atzk, encodes atrazine chlorohydrolase, 
which hydrolyzes ATR to hydroxyatrazine (HYA), the first metabolite in the pathway (8). 
HYA is deaminated by hydroxyatrazine ethylaminohydrolase encoded by the second gene 
atzB, resulting in the formation of N-isopropylammelide (9). The third gene, atzC, encodes a 
hydrolytic deamination reaction, which results in the formation of cyanuric acid (10), a 
nitrogen source for many bacteria. The atz ABC genes are localized on a self-transmissible 
plasmid (11). The sequence identities of the atz genes from different ATR-degrading 
bacteria showed that each atz gene in the different genera was derived from a common 
ancestor (12). 
Plants have also been used to remediate the soils and water contaminated with organic 
compounds. Plants may act directly on organic compounds via uptake of organics and 
transformation of the organics to less toxic metabolites, and/or indirectly degrade them via 
rhizosphere effect (13,14). The uptake is influenced by physicochemical properties of the 
compounds, plant species characteristics, and environmental conditions (14-19). The more 
lipophilic the chemical is, the greater the uptake of the chemical by roots (15). Plants not 
only release exudates for microbial growth or cometabolism, but also harbor microbial 
consortia and mycorrhizal fungi on root surface. As a result, enhanced degradation of 
organic compounds occurs in the rhizosphere (20-24). However, there are cases in which the 
rhizosphere did not show enhanced degradation of organic compounds (19,23). 
The bioavailability of organic compounds can influence the success of the various 
remediation strategies. As organic compounds reside in soil for some time, their 
bioavailability usually decreases (25-29). The decline in bioavailability may result from the 
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diffusion of organic compounds through micropores inside of soil particle during aging (30, 
31). Hydrophobic compounds can diffuse into soil organic matter slowly, thus becoming 
increasingly unavailable for biodégradation (32). 
The objectives of the study were: (1) to determine the influence of an enzyme and a soil 
bacterium on herbicide degradation, and to test whether vegetation enhances the capability of 
the bacterium to degrade the herbicides. (2) to determine the effectiveness of vegetation on 
the degradation of herbicides in soil. (3) to determine the effect of aging time in soil upon 
the biodegradability of the herbicides. 
MATERIALS AND METHODS 
Chemicals. ATR (92.2% pure for treating the soils), and MET (97.3% pure) were 
obtained from Novartis Crop Protection (Greensboro, NC). ATR (98.0% pure for analytical 
standard) was purchased from Chem Service (West Chester, PA). 
Soils and Plants. Soil samples were obtained from an agrochemical dealer site in 
northwest Iowa, denoted as Alpha. Surface soils (top 15 cm) were collected by using hand 
trowels. Three independent composite samples were taken from vegetated areas. Soils were 
transported back to the laboratory on ice in a Styrofoam cooler, sieved at 2.4 mm, placed in 
polyethylene bags, and stored in the dark at 4°C until needed. Soils were analyzed by A & L 
Midwest Laboratories (Omaha, NE) to determine physical and chemical properties. The soil 
had a sandy loam texture with 68% sand, 21% silt, and 11% clay. The organic matter, total 
nitrogen, pH, and cation exchange capacity was 2.5%, 0.08%, 7.8, and 10.0 meq/100g, 
respectively. 
The plants utilized in this study were the mixture of three species of native prairie 
grasses: big bluestem (Andropogon gerardii), Indian grass (Sorghastrum nutans L.), and 
switch grass (Panicum virgatum L.). The mixture of grasses was planted in a small tray in 
the greenhouse for 5-6 weeks before they were used for the studies. 
Microorganism and Enzyme. Strain ADP and atrazine chlorohydrolase were provided 
by Dr. Lawrence P. Wackett, University of Minnesota, StPaul, MN. The purification of the 
enzyme from ADP, the characterization, and the kinetics of the enzyme have been described 
previously (8). The ADP stocks were diluted with sterile phosphate buffer saline (PBS, pH 
7.4) upon usage. Atrazine chlorohydrolase stocks were diluted with 25 mM 
morpholinepropanesulfonic acid (MOPS) with 100 pM C0SO4 (pH 6.9). 
Experiment 1. An experiment was conducted to examine ATR and MET degradation by 
atrazine chlorohydrolase and strain ADP without the aging of the chemicals in soil. Alpha 
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soils were treated uniformly with a mixture of ATR and MET solutions using acetone as the 
solvent to obtain a soil concentration of 97 pg g"1 soil (dry weight) for ATR and 22 pg g"' 
soil (dry weight) for MET. The treatment of the chemicals for each replication was carried 
out in two 900-mL treating jars, and there were three replications. Eighteen subsamples of 
50 g (dry weight) each from each replication were randomly assigned to the following three 
treatments for six sampling dates: addition of atrazine chlorohydrolase (0.01 mg g"1 soil), 
addition of ADP (10* cells g*1 soil), and control with only PBS and MOPS added. After the 
treatments the soils were incubated in greenhouse at 27 ± 2°C. Water was added to the soils 
on a daily basis to maintain adequate moisture. Concentrations of ATR and MET were 
determined at day one, two, three, seven, 14, and 28 post-enzyme or ADP addition. The 
reported percentage of remaining ATR and MET at day one, two, three, seven, 14, and 28 
was calculated by dividing the concentrations of ATR or MET at these six sampling dates by 
the initial concentrations applied, then multiplied by 100. 
Experiment 2. A second experiment examined the effects of atrazine chlorohydrolase 
and strain ADP on the degradation of aged chemicals. Soils were treated uniformly with a 
mixture of ATR and MET using acetone as the solvent at a concentration of 100 pg ATR g"1 
soil (dry weight) and 25 pg MET g"1 soil (dry weight). The treatment for each replication 
was carried out in a 900-mL treating jar, and there were three replications. The soils from 
each treating jar (900-g) were placed in five cell cones (Stuewe & Sons, Inc., Corvallis, 
Oregon) to be assigned to five sampling days, and pesticide-treated soils were aged for 50 
days in the greenhouse at 27 ± 2°C. Five milliliter of tap water was added to each cell cone 
each week through the aging period. After 50 days of aging, an aliquot of 25g (wet weight) 
soil was taken from each cell cone for chemical analysis. Three subsamples of 45g (dry 
weight) each were weighed out from each cell cone. Each subsample was randomly assigned 
to one of the three treatments: addition of atrazine chlorohydrolase (0.01 mg g"1 soil), 
addition of ADP (109 cells g"1 soil), and control treated with only PBS and MOPS. After the 
treatments the soils were incubated in greenhouse. Water was added to the soils on a daily 
basis to maintain adequate moisture. Concentrations of ATR and MET were determined at 
day one, two, three, seven, and 28 post-enzyme and ADP addition. The reported percentage 
of remaining ATR and MET at day one, two, three, seven, and 28 was calculated by dividing 
the concentrations of ATR or MET at these five sampling dates by the concentrations before 
the treatments, then multiplied by 100. 
Experiment 3. The third experiment examined the influence of prairie grasses, atrazine 
chlorohydrolase, and ADP on the degradation of aged ATR and MET. 
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(1) Experiment with Vegetation and Atrazine Chlorohydrolase: Soils were treated 
uniformly with a mixture of ATR and MET by using acetone as solvent providing 100 jig of 
ATR g"1 soil (dry weight) and 25 pg of MET g"1 soil (dry weight). The treatment for each 
replication was carried out in a 900-mL treating jar, and there were four replications. Soils 
from each treating jar (435-g) were placed in four cell cones to be aged for 50 days in the 
greenhouse. Approximately 5 mL of water was added to each cell cone each week. After 50 
days of aging, a 15-g aliquot (dry weight) of soil was taken from each cell cone for chemical 
analysis. Additionally, a 75-g aliquot (dry weight) from each cell cone was randomly 
assigned to the following four treatments: vegetation, addition of atrazine chlorohydrolase 
(0.01 mg g*1 soil), vegetation plus addition of atrazine chlorohydrolase (0.01 mg g"1 soil), and 
the control which was only treated with MOPS. After treatment, the soils were placed in cell 
cones to be incubated for 28 days at 27 ± 2 °C in greenhouse. Each cone with the treatment 
of vegetation contained 6 to 12 grass plants. Water was added to the soils on a daily basis to 
maintain adequate moisture. The concentration of ATR and MET were determined at 28 
days post-enzyme addition. The reported percentage of remaining ATR and MET at day 28 
was calculated by dividing the concentrations of ATR or MET at day 28 by the 
concentrations before vegetation and addition of atrazine chlorohydrolase, then multiplied by 
100. 
(2) Experiment with Vegetation and ADP: The procedures exactly followed the 
experiment with vegetation and atrazine chlorohydrolase except the following four 
treatments were assigned to the aged soils: vegetation, addition of ADP (10* cells g'1 soil), 
vegetation plus addition of ADP (109 cells g"1 soil), and the control treated only with PBS. 
Extraction and Gas Chromatographic (GC) Analysis. Soil aliquots of 25g (wet 
weight) were added to 50 mL of ethyl acetate, and the soil-solvent mixture was shaken for 20 
min. The extract was removed from the soil by filtration through a glass micro-fiber filter. 
The extraction was repeated two more times. Solvent extracts were combined and 
concentrated to approximate five mL by rotary evaporation, and then reconstituted to a final 
volume of 10 mL with ethyl acetate. Chemical analysis used a Shimadzu GC-9A gas 
chromatograph (Kyoto, Japan) equipped with a flame-thermionic detector (NPD). The 
injector temperature was 250 °C. The detector temperature was 250 °C. The column was 
glass packed with 80/100 mesh 3% OV-17 (Supleco Inc., Bellefonte, PA), 1.2 m length x 3 
mm i.d. The column temperature was 230 °C. The carrier was gas helium. The flow rate 
was 45 mL min"1. The quantitation limit = (the concentration (pg mL"1) of the standards 
required to give a signal-to-noise ratio of 2:1) * (10 mL of the soil extract)/25 g soil. For 
ATR and MET this limit was evaluated as 0.078, and 0.313 pg g"1, respectively. 
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Statistical Analysis and Half-Life Determination. All data were analyzed by analysis 
of variance and least square difference. The half-lives of ATR in the control soils and the 
half-lives of MET from both Experiment 1 and 2 were calculated assuming first-order 
degradation kinetics. The natural log of the percentage of remaining ATR or MET in the 
soils was plotted on the Z-axis versus time (days). The half-lives of ATR in the atrazine 
chlorohydrolase and ADP-treated soils from both Experiment 1 and 2 were calculated 
assuming nonlinear one-phase exponential decay kinetics. A nonlinear one-phase 
exponential decay rate {k) was determined by plotting the percentage of remaining ATR on 
the 7-axis versus time (days). A software program GraphPadTM PRISM (Graph Pad 
Software, San Diego, CA) was used for these calculations. The following equation describes 
the kinetics, where x is time, Y is the percentage of remaining, and Span is the percentage of 
remaining ATR before the treatment with ADP or atrazine chlorohydrolase. The half-life of 
the decay is log (0.5)/*. The decay rate (k) calculated was an "apparent" rate of dissipation. 
It was used only to estimate the half-lives of ATR after the treatment with atrazine 
chlorohydrolase or ADP. Therefore, care should be taken to use it for predictive calculations. 
y = Span * 
RESULTS 
Experiment 1. The addition of atrazine chlorohydrolase and ADP to Alpha soil resulted 
in the rapid degradation of ATR. The percentage of remaining ATR was 9.1% in the soil one 
day after the addition of atrazine chlorohydrolase. The percentage of remaining ATR was 
23.4% in the soil one day after the addition of ADP. The remaining ATR was significantly 
higher in the control soil (86.4% remaining) one day after the addition of only PBS and 
MOPS (Table 1). Likewise, the percentage of remaining ATR at two, three, seven, 14, and 
28 days post-enzyme and ADP addition was significantly less than that in the control soils on 
the corresponding sampling dates. Therefore, atrazine chlorohydrolase and ADP had very 
significant effects on the degradation of ATR (P = 0.0001). Although on the first day, 
significantly less ATR was found in the atrazine chlorohydrolase-treated soils than in the 
ADP-treated soils, the degradation of ATR did not differ significantly between atrazine 
chlorohydrolase and ADP-treated soils overall (P = 0.6022). The percentage of remaining 
ATR did not decrease significantly throughout the 28-d period one day after the addition of 
the enzyme. In the ADP-inocuIated soils, significant decline of remaining ATR was 
observed two days after the inoculation, and thereafter no further significant decline occurred 
in remaining ATR. The remaining ATR was significantly less in soils 28 days post addition 
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of buffer only compared with that in soils one to 14 days post addition of buffer only. The 
half-lives of ATR in the atrazine chlorohydrolase-treated soils, ADP-treated soils, and the 
control soils were 0.3,0.5, and 33.6 days, respectively (Table 2). 
Atrazine chlorohydrolase and ADP did not have a significant effect on the degradation of 
MET (P = 0.7649). The percentage of remaining MET in all the soils did not significantly 
decrease until day 14 (Table 3). The half-life of MET in the atrazine chlorohydrolase-treated 
soils, ADP-treated soils, and the control soils were 25.7,21.9, and 23.5 days, respectively 
(Table 2). 
Experiment 2. The concentrations of atrazine and metolachlor before the treatment with 
atrazine chlorohydrolase, ADP, or buffer are shown in table 4 and 5. Atrazine 
chlorohydrolase and ADP degraded aged ATR rapidly in the Alpha soil. One day after the 
addition of atrazine chlorohydrolase and ADP, the remaining ATR was only 34.6% and 
59.2%, respectively, while 87.4% of the ATR remained in the control soil (Table 4). 
Likewise, the percentage of remaining ATR was significantly different between soils treated 
with the enzyme and the control soils on all the other four sampling times. Therefore, the 
addition of the enzyme had a significant effect on the degradation of ATR (P = 0.0034). The 
percentage of remaining ATR was significantly different between ADP-inoculated soils and 
Table I. Percentage of remaining atrazine at each sampling date after the 
addition of enzyme atrazine chlorohydrolase, Pseudomonas sp. strain ADP, 
and buffer 
Day 1 
Enzyme *b 
a 9.1 a 
ADP'" 
b 23.4 a 
Control*b 
c 86.4 ab 
Day 2 a 4.6 a a 11.0 b c 92.3 ac 
Day 3 a 3.0 a a 6.2 b c 82.8 ae 
Day 7 a 2.7 a a53b c 892 ab 
Day 14 a 2.6 a a 3.2 b c 79.9 be 
Day 28 a 1.8 a a 2.9 b c 52.8 d 
1 The letters at the right side of the numbers show the comparison among 
the different sampling dates at each treatment Same letter at each column 
is not significantly different (P = 0.05). Standard error=0.06. 
b The letters at the left side of the numbers show the comparison among 
the different treatments at each sampling date. Same letter at each row 
is not significantly different (P = 0.05). Standard error=0.06. 
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Table 2. The half-lives of both fresh added and aged atrazine and metolachlor in Alpha soils 
treated with enzyme atrazine chlorohydrolase, Pseudomonas sp. strain ADP. and buffer 
Half-life (days) 
Treatment 
Atrazine 
(freshly added) 
Metolachlor 
(freshly added) 
Atrazine 
(aged) 
Metolachlor 
(aged) 
Enzyme 0.3 (r= 0.99) 25.7 (r= 0.90) 12 (r= 0.70) 130.9 (r= 0.78) 
ADP 0.5 (r2= 0.99) 21.9 (r= 0.90) 4.6 (r= 0.59) 1192 (r=0.73) 
Buffer 33.6 (r= 0.88) 23.5 (r*= 0.95) 24.7 (r= 0.93) 120.5 (r=0.92) 
Table 3. Percentage of remaining metolachlor at each sampling date after 
the addition of enzyme atrazine chlorohydrolase, Pseudomonas sp. strain 
ADP, and buffer 
Day I 
Enzyme* 
87.4 a 
ADP* 
77.3 a 
Control * 
83.7 a 
Day 2 100 a 98.8 b 99 J b 
Day 3 94.8 a 99.1b 93.1 ab 
Day 7 86.1a 852 ab 85.9 ab 
Day 14 58 J b 61.9 c 63.0 c 
Day 28 49.8 b 40.7 d 43.9 d 
1 The same letter at each column is not significantly different (p = 0.05) 
Standard error = 0.07. 
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Table 4. Concentrations of atrazine before the treatment (trt) with enzyme atrazine chlorohydrolase, 
Pseudomonas sp. ADP, and buffer, and percentage of remaining atrazine 1,2,3,7, and 28 days 
after the treatment with the enzyme, ADP, and buffer 
Day I 
Before trt (ug/g) * 
75.8 (1.9) 
Enzyme (%)bc 
a 34.6 a 
ADP(%)bc 
a 592 a 
Control (%)bc 
b 87.4 a 
Day 2 72.4(10.0) a 30.2 a ab 52.1 a b 77.4 a 
Day 3 75J (7.6) a 27.4 a b 59.2 a c 87.8 a 
Day 7 71.4 (8.0) a 24 J a a 33.0 b b 76.2 a 
Day 28 72.9(10.8) a 17.6 a ab 23.9 b b 46.4 b 
* Standard deviations are given in parentheses 
b The letters at the right side of the numbers show the comparison among the different sampling 
dates at each treatment Same letter at each column is not significantly different (P - 0.05) 
Standard error = 0.09 
c The letters at the left side of the numbers show the comparison among the different treatments at 
each sampling date. Same letter at each row is not significantly different (P = 0.05). 
Standard error = 0.13 
Table 5. Concentrations of metolachlor before the treatment (trt) with enzyme atrazine chlorohydrolase, 
Pseudomonas sp. ADP, and buffer, and percentage of remaining metolachlor 1,2,3,7, and 28 days after 
the treatment with the enzyme, ADP, and buffer 
Day 1 
Before trt (ug/g)1 
173(1.1) 
Enzyme (%)b 
96.5 a 
ADP (%)b 
96.5 ac 
Control (%)b 
97.0 a 
Day 2 173 (0.9) 92.1 ab 92.0 a 97.2 a 
Day 3 172(0.8) 98.6 a 100 c 100 a 
Day 7 16.5(1.0) 94.0 a 90.9 ad 94.9 a 
Day 28 16.9 (02) 84.8 b 84.3 bd 84.4 b 
1 Standard deviations are given in parentheses 
b The same letter at each column is not significantly different (p = 0.05). Standard error = 0.04 
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the control soils at 1,3, and 7 days post-inoculation, but not at 2 and 28 days post-
inoculation. However, overall, the addition of ADP had a significant effect on the 
degradation of ATR (P = 0.0263). Although the percentage of remaining ATR was 
significantly less in soil 3 days after the addition of the enzyme compared to that in soil 3 
days after the inoculation with ADP, the overall degradative effect of the enzyme and ADP 
was not significantly different (P = 0.1326). The percentage of remaining ATR did not 
decrease significantly throughout the 28-d period one day after the addition of the enzyme. 
In the ADP-inoculated soil, significant decline of remaining ATR was not observed until 7 
days post-inoculation, and thereafter no further significant decline occurred in remaining 
ATR. The percentage of remaining ATR in control soils did not significantly decrease until 
28 days after the addition of buffer. The half-life of ATR in the atrazine chlorohydrolase-
treated soils, ADP-treated soils, and the control soils were 1.2,4.6, and 24.7 days, 
respectively (Table 2). 
Inoculation of atrazine chlorohydrolase and ADP into the soil did not significantly 
increase the rate of degradation of MET (P = 0.5800). The percentage of remaining MET in 
all the soils did not significantly decrease until 28 days after the addition of the buffer (Table 
5). The half-life of MET in the atrazine chlorohydrolase-treated soils, ADP-treated soils, and 
the control soils were 130.9,119.2, and 120.5 days, respectively (Table 2). 
Experiment 3. The concentrations of atrazine and metolachlor in the experiment with 
vegetation and atrazine chlorohydrolase before the treatment with vegetation and atrazine 
chlorohydrolase are shown in table 6. The concentrations of atrazine and metolachlor in the 
experiment with vegetation and ADP before the treatment with vegetation and ADP are 
shown in table 7. As in the previous two experiments, atrazine chlorohydrolase or ADP 
significantly decreased the percentage of remaining ATR in the soils (P = 0.0009 for atrazine 
chlorohydrolase; P = 0.0018 for ADP) (Table 8 and 9). However, they had no significant 
effect on the degradation of MET (P = 0.7975 for atrazine chlorohydrolase; P = 0.0880 for 
ADP). In the enzyme-treated soils and soils without the addition of the enzyme, the 
remaining MET at 28 days post-inoculation was 68.7 and 69.6%, respectively. Likewise, the 
remaining MET was 45.9 and 56.7%, respectively, in the ADP-inoculated soils and soils 
without bacterial inoculation. The prairie grasses significantly decreased the amount of 
remaining MET in both the experiment with vegetation and atrazine chlorohydrolase, and the 
experiment with vegetation and ADP (P = 0.0135 and 0.0009, respectively) (Table 10 and 
11). However, no enhanced ATR degradation was seen with vegetation (P = 0.4347 for the 
experiment with vegetation and atrazine chlorohydrolase; P = 0.1476 for the experiment with 
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Table 6. The concentrations of atrazine and metolachlor in the experiment with vegetation and 
atrazine chlorohydrolase before the treatment with vegetation and the enzyme 
Atrazine *(ug/g) Metolachlor* (ng/g) 
Soils tor the treatment with vegetation 54.0 (24.4) 14.2(1.3) 
Soils for the treatment without vegetation 86.7 (6.8) 18.7(1.3) 
Soils for the treatment with the enzyme 65.1 (27.6) 16.7 (3.6) 
Soils for the treatment without the enzyme 75.6 (20.8) 16.5(1.7) 
' Standard deviations are given in the parentheses 
Table 7. The concentrations of atrazine and metolachlor in the experiment with vegetation and 
Pseudomonas sp. strain ADP before the treatment with vegetation and ADP 
Atrazine1 (ug/g) Metolachlor* (ng/g) 
Soils for the treatment with vegetation 95.2 (5.3) 17.8 (2.2) 
Soils for the treatment without vegetation 100.4(11.7) 18.5 (2.8) 
Soils for the treatment with ADP 99.0(12.7) 17.3(1.3) 
Soils for the treatment without ADP 96.6 (3.9) 18.9 (3.2) 
' Standard deviations are given in the parentheses 
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Table 8. The influence of enzyme atrazine chlorohydrolase on the degradation 
of atrazine 28 days after the treatment with the enzyme (reported as percentage 
of remaining atrazine at 28 days post-addition of atrazine chlorohydrolase) 
Atrazine 
Enzyme 17.6 
No Enzyme 48J 
Pr > F 0.0009 Standard error of mean = 0.05 
Table 9. The influence of Pseudomonas sp. strain ADP on the degradation 
of atrazine 28 days after inoculation (reported as percentage of remaining 
atrazine at 28 days post-inoculation of ADP) 
Atrazine 
ADP 10.9 
No ADP 323 
Pr > F 0.0018 Standard error of mean = 0.04 
Table 10. The influence of vegetation on the degradation of metolachlor 28 days 
after vegetation and the addition of atrazine chlorohydrolase (reported as 
percentage of remaining metolachlor at 28 days post-vegetation) 
Metolachlor 
Vegetation 64.0 
No Vegetation 73.6 
Pr> F 0.0135 Standard error of mean = 0.02 
Table 11. The influence of vegetation on the degradation of metolachlor 28 days 
after vegetation and the addition of Pseudomonas sp. strain ADP (reported as 
percentage of remaining metolachlor at 28 days post-vegetation) 
Metolachlor 
Vegetation 39.7 
No Vegetation 60.8 
Pr > F 0.0009 Standard error of mean = 0.03 
Table 12. The interaction of vegetation and enzyme atrazine chlorohydrolase on 
the degradation of metolachlor 28 days after vegetation and the addition of the 
enzyme (reported as percentage of remaining metolachlor at 28 days 
post-vegetation) 
Enzyme No Enzyme 
Vegetation 69.7 59.8 
No Vegetation 67.9 79.4 
Pr > F 0.0045 Standard error of mean = 0.02 
48 
vegetation and ADP). In the experiment with vegetation and atrazine chlorohydrolase, the 
remaining ATR at 28 days post-vegetation was 35.7% and 30.1% in the vegetated soils and 
unvegetated soils, respectively. Likewise, in the experiment with vegetation and ADP, the 
remaining ATR at 28 days post-vegetation was 17.5% and 25.7% in the vegetated soils and 
unvegetated soils, respectively. There was a significant interaction between the enzyme and 
vegetation on the degradation of MET (P = 0.0045) (Table 12). However, no interaction was 
seen between ADP and vegetation on the degradation of MET (P = 0.1209), between 
vegetation and ADP on the degradation of ATR (P = 0.5903), and between vegetation and 
atrazine chlorohydrolase on the degradation of ATR (P = 0.7895). 
DISCUSSION 
Soil Contaminants. The amounts of residual (background) concentrations of ATR and 
MET from the Alpha site were less than 0.3 pg g"1 soil (33). The residual concentration of 
trifluralin was 0.1 pg g*1 soil in the Alpha soil (33). A herbicide mixture of ATR and MET at 
concentrations that have been encountered at agricultural dealership sites was spiked to the 
Alpha soil. 
Degradation of Atrazine by Atrazine Chlorohydrolase and ADP. Generally speaking, 
an enzyme has a longer shelf life than bacteria. Therefore, the use of an enzyme to remediate 
pesticide-contaminated soils may have more merits than that of bacteria due to the poor 
survival of the bacteria in soil. One of the objectives of the current study was to evaluate the 
ability of both atrazine chlorohydrolase and ADP to enhance the degradation of atrazine in 
Alpha soil. Atrazine chlorohydrolase and ADP enhanced the degradation of both freshly 
added and aged ATR residues in Alpha soil. Addition of atrazine chlorohydrolase resulted in 
significant rapid degradation of ATR residues in Alpha soil within one day of inoculation. 
Beyond the one-day interval, concentration of ATR remained low and did not significantly 
differ between one and 28 days. Strong et al. reported that 52% of ATR in the soil 
contaminated with high concentrations of ATR was degraded by killed recombinant £. coli 
cells engineered to overproduce atrazine chlorohydrolase (7). The percentage of decline of 
ATR in their study compared to ours may have been due to decreased enzyme activity as a 
result of killing cells by cross-linking (7). It took longer for ADP to complete the ATR 
degradation in the current study. The degradation of freshly added ATR was complete two 
days post inoculation. However, the degradation of aged ATR by ADP was not complete 
until one week after the inoculation. Shapir et al. reported that the atzA gene copy number in 
ADP declined at least two orders of magnitude one day after the inoculation of ADP to 
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sands, but the atzA gene persisted in soils and continually mineralized ATR for at least 18 
days in the presence of the competition from the indigenous ATR degraders (34). The 
addition of the enzyme or ADP markedly decreased the half-life of ATR in the current study. 
In the current study, only the remaining ATR after the addition of atrazine 
chlorohydrolase and ADP was measured. No effort was made to confirm whether the 
amount of ATR degraded by the enzyme or ADP was mineralized or transformed. The 
dechlorination of ATR to HYA by atrazine chlorohydrolase is the first step in the catabolic 
breakdown of ATR by ADP (8). Therefore, in the enzyme-treated soils, ATR was 
presumably transformed to HYA. HYA does not have the phototoxicity activity (35,36), 
and is more susceptible to microbial or chemical degradation than ATR (19,37-39). 
However, it has been shown to be persistent in some studies (40,41). It also tends to adsorb 
to soil strongly (42-45). Therefore, HYA is not an environmental concern. 
ATR can be completely mineralized by ADP (2). Addition of ADP and citrate to the l4C-
ATR treated soil which was aged for one day resulted in 90-100% mineralization of the l4C 
applied 15 days post-inoculation (46). Bichat et al. noted that 80% of freshly added ATR in 
soil was mineralized by ADP during the first week (6). Therefore, it is hypothesized that the 
majority of the ATR degraded by ADP in this study was mineralized to CO?. Low levels of 
mineralization of ATR ranging from 1.2 to 58% by ADP were also reported (34,47,48). 
Therefore, the function of ADP from the literatures is not consistent. 
ADP metabolizes ATR as its sole N source (2). Citrate can stimulate the degradation of 
high concentrations of ATR by ADP (2,46,47). Mandelbaum et al. reported that 70% of the 
aged ATR was degraded by ADP with the addition of sodium citrate, however, without the 
addition of citrate, only 17% of the aged ATR was degraded by ADP (2). Citrate amendment 
was not necessary in the degradation of low concentration of ATR by ADP (47). No 
additional C source was added to soil in this study, however, 97.1% of the freshly added 
ATR was degraded 28 days after the inoculation of ADP. Our results with freshly added 
ATR are consistent with those of Bichat et al. (6). The rapid degradation of ATR suggests 
that the nutrient levels, especially polymers, in Alpha soil could support the activity of ADP 
in this study. 
The Influence of Aging on the Bioavailability of Atrazine. For the soils treated with 
atrazine chlorohydrolase, the percentage of remaining ATR in the soils where ATR was aged 
for 56 days prior to the treatment with atrazine chlorohydrolase was significantly greater than 
that from the soils where ATR was freshly added prior to the treatment with atrazine 
chlorohydrolase on each corresponding sampling point except day 28 (statistical analysis not 
shown). The percentage of remaining ATR after the inoculation with ADP was much greater 
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in the soils where ATR was aged for 56 days prior to the inoculation with ADP than in the 
soils where ATR was freshly added prior to the inoculation with ADP on each corresponding 
sampling point except day 7 and 28 (statistical analysis not shown). Therefore, more ATR 
was degraded in the soils with freshly added ATR. This indicates that the bioavailability of 
the aged ATR residue is significantly decreased compared with that of the freshly added 
residue. Our results were consistent with the finding of Radosevich et al. and Yanze-
Kontchou and Gschwind. Radosevich et al. reported that the mineralization of ATR by the 
bacterium M91-3 significantly decreased as the aging of the ATR-treated soils increased 
from one day to three months (28). Yanze-Kontchou and Gschwind also noted the reduced 
bioavailability of ATR after aging (49). The half-life of aged ATR doubled compared with 
that of freshly added ATR when both were degraded by an ATR-mineralizing bacterium 
YAYA6 (1). The percentage of remaining MET 28 days after the treatment with atrazine 
chlorohydrolase, ADP, or buffer was significantly greater in the soils where MET was aged 
for 56 days prior to the treatment with atrazine chlorohydrolase, ADP, or buffer than in the 
soils where MET was freshly added prior to the treatment with atrazine chlorohydrolase, 
ADP, or buffer. 
For the soils treated with atrazine chlorohydrolase or ADP, the half-lives of ATR in the 
soils where ATR was aged for 56 days prior to the treatment with atrazine chlorohydrolase or 
ADP were much larger than those from the soils where ATR was freshly added prior to the 
treatment with atrazine chlorohydrolase or ADP. The half-lives of MET after the treatment 
with atrazine chlorohydrolase, ADP, or buffer were much larger in the soils where MET was 
aged for 56 days prior to the treatment with atrazine chlorohydrolase, ADP, or buffer than in 
the soils where MET was freshly added prior to the treatment with atrazine chlorohydrolase, 
ADP, or buffer. This indicates that aged ATR and MET are more persistent than freshly 
added ATR and MET. This is probably related with the decreased bioavailability after aging. 
The bioavailability is related to the sorption of the chemical to the soil particles (49,50). 
Sorption of ATR to soil aggregates was initially rapid (within 24 hr), followed by a period of 
slow sorption (28,51). During the period of slow sorption, the aqueous-phase concentration 
of ATR decreased slowly (28). 
The Influence of Vegetation on the Degradation of Atrazine and Metolachlor. The 
addition of the prairie grasses significantly reduced the concentration of MET, but not ATR. 
Other research has also showed that MET dissipation was more rapid in soil planted with 
com (24), compared to the unvegetated soil, as well as in water containing live aquatic plants 
coontail (Ceratophyllum demersum), American elodea (Elodea canadensis), and common 
duckweed (Lemna minor) (52) compared to unvegetated water. 
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MET has greater water solubility than ATR (MET = 530 mg/L at 20 °C, ATR = 33 mg/L 
at 27 °C). In addition, the application concentration of MET was lower than that of ATR. 
Therefore, a larger percentage of the applied MET is dissolved in the soil water than that of 
ATR. As a result, MET may be more bioavailable than ATR. The concentration of the 
chemical in soil water is a major factor influencing the direct uptake of the chemical through 
the plant roots (14). Uptake of MET by the plant roots may be greater than that of ATR due 
to the increased lipophilicity of MET (ATR and MET have the K«,w of 219 and 2820, 
respectively). Rice et al. reported that a significantly greater amount of l4C was found in the 
plant tissues of the l4C-MET-treated water systems than in the l4C-ATR-treated water 
systems when both chemicals were applied to water at same concentration (52). It is also 
possible that the percentage of MET degraded in the rhizosphere of the plants is markedly 
greater than that of ATR. It takes a longer time for the plants to accelerate the degradation of 
ATR. In another study conducted in this laboratory, the mixture of the three native prairie 
grasses significantly decreased ATR residues 57 days after vegetation (53). The degradative 
ability of atrazine chlorohydrolase or ADP was not influenced by the presence of the plants 
in this study. The possible reason is that atrazine chlorohydrolase or ADP can degrade ATR 
efficiently, and the plants did not show significant effect on the degradation of ATR. 
In conclusion, results from this study clearly indicate that addition with atrazine 
chlorohydrolase and ADP enhanced the degradation of both freshly added and aged atrazine 
residues, and the prairie grasses enhanced the degradation of MET in the Alpha soil. Aging 
the ATR-treated soils significantly decreased the bioavailability of ATR as indicated by the 
significant decline in the percentage of ATR degraded by atrazine chlorohydrolase or ADP. 
ADP can metabolize ATR under nongrowing conditions (2), under denitrifying conditions 
(47), in saline waste water (54), and in the presence of exogenous N and heavy metals (6, 
34). This indicates that bioaugmentation with Pseudomonas sp. strain ADP may be an 
effective method for remediating soils contaminated with high concentration of ATR under 
various conditions. In addition, the potential for using atrazine chlorohydrolase to remediate 
ATR-contaminated soils and prairie grasses to remediate MET-contaminated soils is also 
promising. 
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CHAPTER 4. THE INFLUENCE OF AGING ATRAZINE-TREATED SOIL ON 
BIOAVAILABILITY OF ATRAZINE AND SURVIVAL OF AGROBACTERIUM 
RADIOBACTER STRAIN J14A 
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Abstract-The bioavailability of atrazine in soil is a critical factor for the degradation and 
toxicity of the compound. This paper addresses the influence of aging atrazine at a 
concentration of 100 pg g"1 on its bioavailability to a bacterium, Agrobacterium radiobacter 
strain J14a. After atrazine was aged in soils for 6,37, and 68 days, the soils were treated 
with strain J14a or phosphate buffer as a control. Then the soils were incubated for 12,29, 
and 49 days before chemical analysis was carried out. The proportion of l4C-radioactivity 
which was mineralized, extractabie by water or methanol, and bound to soil was determined. 
The number of atrazine-degrading microorganisms was also monitored. J14a significantly 
enhanced the mineralization of atrazine. Increasing the aging of the treated soils up to 68 
days did not significantly decrease the mineralization of atrazine. The amounts of water-
extractable and methanol-extractable l4C-atrazine and its metabolites did not differ markedly 
with aging. Water extraction was a better predicator of the bioavailability of atrazine to J 14a 
than methanol extraction was. At longer incubation times after inoculation of J 14a, 
significantly lower survival of the bacteria was observed. However, J14a was able to 
continue mineralizing atrazine 49 days after inoculation. Aging did not have influence on the 
survival of atrazine-mineralizing populations in the inoculated soils. 
Keywords-Bioavailability Atrazine Agrobacterium radiobacter J 14a Aging 
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INTRODUCTION 
The widespread use of atrazine (ATR, 2-chloro-4-ethylamino-6-isopropylamino-s-
triazine) and metolachlor (MET, 2-chloro-N- (2-ethyl-6-methylphenyl)-N- (methoxyprop-2-
yl) acetamide as preemergent herbicides to control grass weeds and broadleaf weeds has 
caused the contamination of surface and ground waters [1-2]. Deethylatrazine (DEA) and 
deisopropylatrazine (DIA), the two main metabolites of ATR, are also detected in 
groundwater [3-5]. Because of its relative high mobility [6-8], herbicidal activity [9], and 
inhibition of pituitary activity in rats [10], DEA is important from a toxicological standpoint. 
DIA has also been shown to be toxic in plant bioassays [9], 
The remediation of ATR-contaminated soil by pure or mixed cultures of bacteria has 
been investigated extensively [11-15]. Bioavailability is one of the key factors in 
determining the success of bioaugmentation. Microorganisms assimilate and degrade the 
available portion of chemicals in soil. Previous research has shown that the availability of 
certain organic compounds decreases with their residence time in soil, a process termed aging 
[16-18], The declining bioavailability of compounds during aging is evidenced by the 
reduced amount of CO2 produced from the parent compounds, the reduced extractability of 
the compounds by many solvents [17-19], and reduced amount of the compounds desorbed 
[20.21]. The toxicity of most aged compounds also decreases after aging in soil [22]. The 
decline in bioavailability may result from the slow diffusion of hydrophobic compounds into 
soil organic matter [23] and diffusion of organic compounds through micropores inside of 
soil particle during aging [24,25]. Bioavailability can be predicted by chemical assay with 
mild extradants [17]. However, vigorous extraction with organic solvents appreciably 
overestimates the quantity of the compound that is biovailable [16,17], 
The success of bioaugmentation also depends on the survival of the inoculated bacteria 
and maintenance of the high level of degradation activity after inoculation to soil. Most 
bacteria fail to survive for a long time after inoculation due to the nutrient deficiency and the 
presence of toxins and predators in soils [26]. The metabolic activity or cell density of M91-
3, an atrazine-mineralizing bacterium, decreased seven days after inoculation, however, the 
inoculum remained active in soil for at least three months [19]. The copy number of atz A 
gene in Pseudomonas sp. strain ADP, the gene which encodes atrazine chlorohydrolase for 
hydrolytic breakdown of ATR, declined at least two orders of magnitude one day after the 
inoculation of ADP into sands, but the atz A gene persisted in soils and continually 
mineralized ATR for at least 18 days [27]. Agrobacterium radiobacter strain J 14a did not 
survive longer than 60 days in a soil [15]. Pseudomonas strain YAYA6, an atrazine-
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mineralizing bacterium, can retain its degradation activity for six weeks in the absence of 
ATR in soil [14]. Multiple inoculations may eliminate the problems associated with the 
short-term survival of the inoculums [28]. 
The objectives of the study were: (I) to determine the effect of aging time in soil upon 
the biodegradability of ATR and the population of ATR-degrading microorganisms. (2) to 
determine the degradation of ATR by J 14a in a soil from an agrochemical dealership site. 
MATERIALS AND METHODS 
Chemicals 
[U-ring-l4C]ATR (95.6% pure). [U-ring-l4C]DEA (94.8% pure), [U-ring-l4C]DlA 
(92.9% pure), ATR (92.15% pure for treating the soils), DEA (99% pure), DIA (98% pure), 
and MET (97.3% pure) were obtained from Novartis Crop Protection (Greensboro, NC). An 
analytical standard of ATR (98% pure) was purchased from Chem Service (West Chester, 
PA). 
Soil 
Soil samples were obtained from an agrochemical dealer site in Iowa. The site, denoted 
as the Alpha site, is located in northwest Iowa. Surface soils (top 15cm) were collected by 
using hand trowels. Three independent composite samples were taken from unvegetated 
areas. Soils were transported back to the laboratory, sieved (2.4 mm), and stored in the dark 
at 4°C until needed. Soils were analyzed by A & L Midwest Laboratories (Omaha, NE) to 
determine physical and chemical properties. The soil had a sandy loam texture with 75% 
sand, 17% silt, and 8% clay. The organic matter, total nitrogen, pH, and cation exchange 
capacity was 2.0%, 0.07%. 7.9, and 9.8, respectively. 
Microorganism 
The atrazine-degrading bacterium, Agrobacterium radiobacter strain Jl4a, was 
previously described [15]. J14a cells were prepared by incubating the bacteria in 150 mL of 
enrichment medium, designed basal minimal salts medium (BMA), for 5 days at 27°C on a 
rotary shaker at 100 rpm. BMA is a basal minimal salts medium supplemented with 1 g each 
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of sodium citrate and sucrose as carbon sources, 20 mL of trace elements solution, 20 mL of 
vitamin solution, and 50 mg of atrazine in one liter of deionized water [15]. Cells were 
harvested by centrifugation at 20°C at 6,500 x g for 30 min and washed twice with 50-mL 
aliquots of sterilized 0.0125 M phosphate buffer (pH 7.2). The cells were resuspended in the 
phosphate buffer, and quantified by plate count techniques. 
Treatments and soil incubation 
Alpha soils were treated uniformly with a mixture of ATR (unlabeled and U-ring-l4C-
labeled) and metolachlor solutions to obtain a soil concentration of 100 fig g"1 soil of ATR, 
25 pg g'1 soil of metolachlor, and 0.013 jiCi g"1 soil of [U-ring-l4C]ATR. These rates were 
chosen to represent the concentrations that have been encountered in the soils at agricultural 
dealership sites. Treatment for each replication was carried out in 3 large treating jars, and 
there were 4 replications. Soil from each treating jar was divided into two 25-g (dry weight) 
aliquots and one 570-g (dry weight) subsample. One 25-g aliquot was immediately extracted 
with methanol to determine the actual quantity of l4C applied to the soil in each tieating jar 
(initial extraction). The other 25-g aliquot was immediately extracted with 75 mL of 
ultrapure water (water extraction). The 570-g subsample was placed in a 900-mL mason jar. 
Each mason jar from each replication was randomly assigned to either 6- or 37- or 68-d aging 
length in an incubator in the dark at 24°C. The soil moistures were adjusted to the 
gravimetric water content at 1/3 bar (-33 kPa) with ultrapure water before the total weight of 
each jar was recorded. The soil moisture level was maintained by weighing the jars weekly 
and replenishing the weight with ultrapure water. A vial containing 15 mL 1 N NaOH was 
suspended in the headspace of each mason jar to trap 14CO? evolved from the mineralization 
of [l4C]ATR. These traps were replaced weekly. The quantity of [I4C]ATR in each NaOH 
vial was determined by radioassaying subsamples of the NaOH on a RackBeta® 1217 liquid 
scintillation counter (LSC) (Pharmacia LKB Biotechnology, Inc.. Gaithersburg, MD). 
After the soils were aged for 6,37, or 68 days, two aliquots of 25g (dry weight) each 
were taken from each mason jar. One aliquot was extracted with methanol (methanol 
extraction), and the other one was extracted with ultrapure water (water extraction). The 
remaining soil was divided into three sets of subsamples. Each set of subsamples was 
randomly assigned to either a 12-, 29- or 49-d incubation length in the incubator in the dark 
at 24°C. Each set of subsamples included two aliquots of 60g (dry weight) each. One aliquot 
was inoculated with J14a (107 cells g'1 soil) in phosphate buffer (p. buffer), and the other 
aliquot was treated with p. buffer. They were placed in French square bottles, and the soil 
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moistures were adjusted to 1/3 bar (-33 kPa) before the total weight of each bottle was 
recorded. The soil moistures were maintained by weighing the bottles during replacing the 
NaOH traps, and replenishing the weight with ultrapure water. A vial containing 10 mL 0.1 
M NaOH was suspended inside each bottle. These traps were replaced every three days for 
the first 12 days, and every seven days for the remainder of the study. The 14C-radioactivity 
in each NaOH vial was radioassayed as already stated. At the end of the incubation, two 
aliquots of 25g (wet weight) each were taken from each French square bottle, and they were 
extracted with methanol (methanol extraction) and ultrapure water (water extraction), 
respectively. 
uC-Most-Probable-Number determination (MPN) 
Additional large treating jars treated with the same amount of ATR (but without l4C-
ATR) and metolachlor were prepared as already described and aged in a similar way (but 
without NaOH traps). ATR-mineralizing population were determined with N-limited media 
using [U-ring-14C]ATR as substrate in a MPN technique [29] prior to the inoculation of J 14a 
to aliquots of 60g soil. After addition of p. buffer or J 14a. the soils were incubated as already 
stated (but without NaOH traps). At the end of incubation, an aliquot of IOg (wet weight) 
was taken from each French square bottle for MPN determination. 
Soil extraction and analysis 
Initial extraction. A soil aliquot of 25g (dry weight) was added to 50 mL of methanol, 
and the soil-solvent mixture was shaken for 20 min. The extract was removed from the soil 
by vaccum filtration through a glass micro-fiber filter. The extraction was repeated two more 
times. Solvent extracts were combined and concentrated to approximately 80 mL by rotary 
evaporation, and then reconstituted to a final volume of 100 mL with methanol. The 
extractable l4C was radioassayed by LSC. The extracted soils were air dried, then 
homogenized by using pestles and mortars. Three soil pellets (0.5 g soil and 0.1 g 
hydrolyzed starch) were made from each sample, and combusted in a Packard sample 
oxidizer (Packard Instrument Co.). The resulting I4C was trapped in Permafluor V and 
Carbo-Sorb E (Packard Instrument Co.). Quantification of radioactivity was determined by 
LSC. The amount of radioactivity from both extracts and bound radiocarbon was used as the 
basis for the mass balance for the methanol extracted samples. The mass balance for 
methanol-extracted samples ranged from 78 to 110% with an average of 92%. Extraction 
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efficiency for l4C-ATR was 98.7%. The extraction efficiencies of DEA and DIA were also 
determined by spiking known amounts of 14C-DEA and I4C-DIA to soil, extracting with 
methanol as already stated, and measuring the recovery in the soil extracts. Extraction 
efficiency for DEA and DIA were 89.5% and 87.9%, respectively. 
Methanol extraction. It is assumed that methanol extracts ATR in soil water phase, the 
desorbable ATR, and the absorbed ATR. Soil (25 g) was extracted three times with 50 mL 
methanol. The extracts were combined and concentrated to approximate five milliliter by 
rotary evaporation, and reconstituted to 10 mL with methanol. Three 0.5-mL aliquots were 
taken from each 10-mL extract, and were radioassayed by LSC. The extracted soils were 
combusted to determine the soil-bound radiocarbon. 
Water extraction. It is assumed that water extracts ATR in soil water phase and the 
desorbable ATR, which represent the bioavailable portion of ATR. Water extraction was 
conducted by adding 75 mL ultrapure water to a 25-g soil sample, shaking it for 1 hr, and 
centrifuging down the soil particles. The chemicals in the supernatants were removed by 
Solid Phase Extraction (SPE). Supelclean Envi-18™ 6 cm3 solid phase extraction cartridges 
(Supelco, Inc.. Bellefonte, PA) were positioned on a 12-port Visiprep Solid Phase Extraction 
Vaccum Manifold™ (Supelco, Inc., Bellefonte, PA) and activated with 18 mL (three column 
volumes) of certified methanol, followed by 18 mL of ultrapure water. The water extracts 
were passed through the activated cartridges by applying a vaccum (15 kPa). Once the entire 
sample had been passed through the cartridge, the packing was dried by drawing air through 
the cartridge for 10 min. The cartridges were eluted with 10 mL of methanol. The 
radioactivity of the methanol elutes and the effluent (post-SPE water portion of the sample) 
was radioassayed by LSC. The extracted soils were combusted. The total radioactivity from 
the methanol elute. the effluent, and the bound radiocarbon of the samples taken right after 
the chemical application was used as the basis for the mass balance of the water-extracted 
samples. The mass balance ranged from 74 to 110% with an average of 87%. The 
recoveries of ATR, DEA, and DIA by water extraction were also determined by spiking 
known amounts of 14C-ATR, l4C-DEA, and 14C-DIA to soil, extracting with ultrapure water 
and removing the chemicals by SPE, and measuring the recovery in the soil extracts 
(supernatants) and methanol elutes. The amount of l4C-ATR, I4C-DEA, and I4C-DIA 
recovered in the supernatants was 54.6,60.9, and 53.5%, respectively. The amount of l4C-
ATR, l4C-DEA, and l4C-DIA recovered in the methanol elutes was 119,73.1, and 71.8%, 
respectively. 
HPLC analysis. The proportions of l4C-ATR and its main metabolites I4C-DEA and l4C-
DIA in each sample after methanol extraction and the methanol-eluted portion of each 
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sample after water extraction were determined by using a Hewlett Packard 1100 liquid 
chromatograph (HPLC) equipped with a platinum EPS C^ column (Alltech) and a 
Spectra flow 757 absorbance detector set at 254 nm. The flow rate was 1.5 mL min"1, and a 
gradient program was used, starting at 95:5 watenacetonitrile, increasing to 100 % 
acetonitrile at 11 minutes and holding for 1 minute, then back to 95:5 watenacetonitrile for 2 
minutes. Each sample was first concentrated to 1-2 mL under N% flow before HPLC 
analysis. Triplicate aliquots of each sample were taken and counted by LSC to determine the 
injected radioactivity. Fractions of the effluent of each sample from HPLC were collected 
according to the following time of the HPLC run: 0-5.6 min, 5.6-6.6 min for DIA, 6.6-7.5 
min for DEA. 7.5-8.5 min. 8.5-9.5 min for ATR. 9.5-14 min. The radioactivity at each 
fraction was analyzed by LSC. The collection time for the fraction of ATR, DEA, and DIA 
was determined from the histogram of the injection of the mixture of the cold standards of 
ATR, DEA, and DIA. They were verified by injecting the methanol extracts and the 
methanol-eluted portions of the water extracts of the samples which were used for measuring 
the recovery of the methanol extraction and water extraction, and collecting the fractions of 
the effluents each minute. A histogram was constructed for each injection showing the 
amount of radioactivity in each fraction vs. the time of the HPLC run. The retention times 
for l4C-ATR, l4C-DEA, and l4C-DIA received from the histograms matched very well with 
the ones received from the histogram of the mixture of the three cold standards. 
Radioactivity in all fractions was added together to determine the column recovery of each 
injection. The column recovery was expressed as the percentage of the total radioactivity in 
the fractions compared to the injected radioactivity. The column recoveries for all the 
samples were in the range of 80.5 to 109%. The proportion of 14C-ATR, 14C-DEA. and l4C-
DIA in each sample was calculated as the percent of the radioactivity in the fractions for 
ATR. DEA. and DIA. compared to the total radioactivity from all fractions. 
Statistical analysis 
Analysis of variance (ANOVA) and least square difference were performed to test the 
effects of aging, inoculation treatment, and incubation time after inoculation on the 
degradation of ATR. All population data from the MPN procedure were log-transformed 
before ANOVA to obtain homogeneous variances, then back-transformed for presentation. 
The half-lives of ATR in the soils after the treatment with p. buffer were calculated assuming 
first-order degradation kinetics. The natural log of the percentage of remaining I4C- ATR in 
the soils was plotted on the K-axis versus time (days). The half-lives of ATR in the soils 
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inoculated with J 14a were calculated assuming nonlinear one-phase exponential decay 
kinetics. A nonlinear one-phase exponential decay rate (k) was determined by plotting the 
percentage of remaining l4C- ATR as K-axis versus time (days). A software program 
GraphPadTM PRISM (Graph Pad Software, San Diego, CA) was used for these calculations. 
The following equation describes the kinetics, where x is time, Y is the percentage of 
remaining l4C-ATR, and Span is the percentage of remaining 14C-ATR before the inoculation 
with Jl4a. The half-life of the decay is log (0.5)/k. The decay rate (k) calculated was an 
"apparent" rate of dissipation. It was used only to estimate the half-lives of ATR after the 
treatment with atrazine chlorohydrolase and ADP. Therefore, care should be taken to use it 
for predictive calculations. 
Z=Span*e'"to 
RESULTS AND DISCUSSION 
The influence of ATR aging time on the degradation of ATR and the survival of ATR-
mineralizing population before the addition of p. buffer or J14a 
Table 1 shows the effect of ATR aging time on the subsequent degradation of ATR 
before the addition of p. buffer or JI4a. ATR mineralization did not significantly change as 
the aging time increased from 6 days to 37 and 68 days (Table I). The low mineralization in 
Alpha soil is due to the low indigenous population of ATR degraders. and these data are 
consistent with previous results [15,30]. No statistical differences were seen in the amounts 
of ATR, DEA, DIA, and ATR metabolites in the "other" category (i.e., all the ATR 
metabolites except DEA and DIA which can be extracted by methanol or water) from 
methanol and water extraction among the soils aged for 6,37, and 68 days. The amount of 
l4C-ATR in the water extracts was much less than that in the methanol extracts due to the 
incapability of water to extract the absorbed ATR. The amount of l4C-ATR obtained from 
methanol extraction after 37 and 68 days of aging are very similar to those of Struthers et al. 
[15] and Arthur et al. [30]. who determined that the extractable 14C-ATR was 65.7 and 87% 
of the applied I4C (50 ng g"1 soil) after 30 and 63 days of incubation in Alpha soil, 
respectively. DEA was the predominant degradation product of ATR in both the methanol 
extracts and the water extracts. The amount of bound residues remaining after methanol 
extraction significantly increased as the aging time increased and were relatively small 
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Table I. The effect of atrazine-aging time on the degradation of [l4C-U-rmg]atrazine and the 
population of indigenous atrazine-mineralizing microorganisms before the addition of phosphate 
buffer or A. radiobacter Jl4a 
6-d aging 37-d aging 68-d aging LSD4 
l4co, 0.00 0.01a 0.02 a 0.02 
Methanol extraction 89 a 78 a 74 a 9 
Atrazine 
Water extraction 45 a 42 a 41 a 9 
Methanol extraction 2.7 a 3.7 a 2.5 a 3.1 
Deethylatrazine 
Water extraction 1.8 a 2.2 a 2.1 a 0.5 
Methanol extraction 0.2 a 0.6 a 0.5 a 0.6 
Deisopropylatrazine 1.2 
Water extraction 02 a 0.3 a 0.3 a 0.2 
Methanol extraction 0.6 a 1.0 a 1.5 a 1.7 
Other metabolites u 
Water extraction Ua 0.8 a 0.9 a 0.9 
Methanol extraction 7.8 a 10 b 13 c 2.5 
Bound Residues u 
Water extraction 54 a 46 a 45 a 8 
MPN (Cells g1 soil) u NDa 22(23) a NDa 
1 The same letter in each row indicates the means are not significantly different (P = 0.05) 
2 Data are reported as the percentage of applied l4C 
3 Means of three replications with standard deviations given in parentheses. ND = Not detectable 
4 LSD: Least Square Difference 
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compared with the amount of extractable ATR. The amounts of bound residues remaining 
after methanol extraction of the soils aged for 68 days are in agreement with those of 
Struthers et al. [15]. There was no significant difference in bound residues remaining after 
water extraction among the soils aged for 6,37, and 68 days. The quantity of bound residues 
remaining after water extraction was much greater than that after methanol extraction, 
because a large portion of ATR was not extractable by water and remained in the soil. 
ATR degradation and ATR-mineralizing population after the addition ofp. buffer or J14a 
The results of ANOVA showed that there were significant main effects of inoculation, 
while other treatments, such as ATR aging time before the addition of p. buffer or J 14a and 
soil incubation time after the addition of p. buffer or J 14a, had much smaller effects than the 
bacteria did. Statistical analysis showed that the bacteria effect shielded the significant 
effects of those other treatments (results from statistical analysis not shown). Therefore, 
Data received after the addition of p. buffer or J14a were sorted into two groups: data from 
the inoculated soils (all the soils which were inoculated with J 14a, regardless of the aging 
time before the addition of J14a and the incubation time after the addition of J 14a), and data 
from the uninoculated soils (all the soils which were treated with p. buffer, regardless of the 
aging time before the addition of p. buffer and the incubation time after the addition of p. 
buffer). Statistical analysis was performed on data from either the inoculated soils or the 
uninoculated soils to detect the effects of those other treatments. 
The influence of J14a on the degradation of ATR and ATR-mineralizing population 
Significantly greater amounts of l4COi were evolved in the inoculated soils than in the 
uninoculated soils (Table 2). Others reported that up to 57% of the applied l4C-ATR was 
mineralized in Alpha soil 60 days after inoculation [15]. Inoculation with J14a significantly 
decreased the methanol-extractable ATR (Table 2). Likewise, a significantly greater 
percentage of applied l4C-ATR remained as ATR in the water extracts from the uninoculated 
soils than the inoculated soils. Struthers et al. [15] also noted that the extractable ATR was 
significantly less in the inoculated Alpha soils than in the uninoculated Alpha soils when 
both soils were treated with 50 pg g"1 of ATR, but not significantly different when both soils 
were treated with 200 ng g'1 of ATR. Lower amounts of l4C-ATR were in the water extracts 
than in the methanol extracts in the inoculated soils or in the uninoculated soils. 
The two major degradation products of ATR, DEA and DIA, were characterized in both 
methanol and water extracts of both the inoculated soils and the uninoculated soils. The 
concentration of DEA was higher in both methanol and water extracts of either the inoculated 
67 
Table 2. Effect of A. radiobacter J 14a on the degradation of [14C-U-ring]atrazine and the population of 
atrazine-mineralizing microorganisms after the soils were aged for 6,37, and 68 days before the inoculation 
of J14a and incubated for 12,29, and 49 days after the inoculation of J 14a 
NoJ14a With J 14a Pr > F 
14co,u 4.3(10) 39(11) 0.0001 
Atrazine 1-2 
Methanol extraction 
Water extraction 
70(16) 
41(14) 
20(14) 
10(8.5) 
0.0001 
0.0001 
Deethylatrazine 1-2 
Methanol extraction 
Water extraction 
3.7(2.4) 
2.7(0.9) 
1.1(0.9) 
0.9(0.7) 
0.0001 
0.0001 
Deisopropylatrazine 
Methanol extraction 
1.2 
Water extraction 
0.8(0.5) 
0.5(0.3) 
0.4(0.2) 
0.4(0.3) 
0.0001 
0.036 
Other metabolites 1,2 
Methanol extraction 
Water extraction 
3.4(2.8) 
3.7(6.6) 
8.8(6.9) 
9.4(7.8) 
0.0001 
0.0001 
Bound Residues 1-2 
Methanol extraction 
Water extraction 
15(4.0) 
40(8.6) 
19(3.1) 
22(6.4) 
0.0001 
0.0001 
MPN (Cells g'1 soil x to5)1 0.02(0.04) 15(54) 0.0001 
1 Standard deviations are given in parentheses 
2 Data are reported as the percentage of applied l4C 
68 
soils or the uninoculated soils than that of DIA. In either the methanol or the water extracts, 
the amounts of DEA or DIA were significantly higher in the uninoculated soils than in the 
inoculated soils (Table 2). The decreased persistence of these metabolites in the inoculated 
soils is important in that remediation with J14a can potentially decrease the contamination of 
DEA and DIA in surface or groundwater. DEA, deethylhydroxyatrazine (DEHYA), and 
hydroxyatrazine (HYA) were the metabolites produced by Jl4a during ATR degradation, 
while deisopropylated metabolites were not detected [15]. This indicates that deethylation 
and dechlorination of ATR and/or its metabolites occur with J14a. The significantly less 
amount of DEA in the inoculated soils suggests that DEA is probably further degraded to 
DEHYA. The possible reason for the lower concentration of DIA in the inoculated soils is 
the possible breakdown of DIA to didealkylatrazine (DDA) by J 14a via deethylation. 
Another research noted the rapid removal of DIA once produced in the environment via 
deethylation [31]. ATR metabolites in the "other" category from the methanol extracts 
significantly increased in the inoculated soil compared with those in the uninoculated soils. 
It is likely caused by the formation of HYA from ATR and DDA from DIA. but not by 
DEHYA, as DEHYA was not recovered in the methanol extracts [32]. A similar trend 
occurred in the water extracts, in which other metabolites significantly increased from 3.7% 
in the uninoculated soils to 9.4% in the inoculated soils. The significant increase of other 
metabolites in the water extracts of the inoculated soils probably resulted from the formation 
of HYA, DDA. and DEHYA by J14a. 
Bound residues remaining after the methanol extraction were in significantly greater 
quantity in the inoculated soils compared with the uninoculated soils (Table 2). This 
confirms that bound residue formation is enhanced by the microbial activity [33-35], The 
results from the measurement of bound residues are different from those of Struthers, who 
determined that inoculation of J14a significantly decreased the bound residues in the Alpha 
soil treated with 50 pg g'1 of ATR, but did not have an effect on the bound residues in the soil 
treated with 200 ng g"1 of ATR [15], The greater amounts of bound residues in the 
inoculated soil are likely formed by DEHYA and HYA from the degradation of ATR by 
J14a, as they have a high tendency to form bound residues [36,37]. Greater amounts of 
bound residues remained after the water extraction than after the methanol extraction in both 
the inoculated soils and in the uninoculated soils, due to the large portion of ATR that was 
unextractable by water. Bound residues remaining after water extraction were in 
significantly less quantity in inoculated soils compared with those in the uninoculated soils, 
due to a large portion of ATR remaining in the uninoculated soils and unextractable by water. 
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ATR-mineralizing population were significantly greater in the inoculated soils than in the 
uninoculated soils due to the inoculation of 107 J 14a cells g"1 of soil (Table 2). 
The influence ofATR aging time on the degradation of ATR and the survival of ATR-
mineralizing population after the addition of p. buffer or Jl4a. Tables 3 and 4 show the 
effects of ATR aging time before the addition of p. buffer or J14a on the degradation of ATR 
12,29, and 49 days after the addition of p. buffer or J14a. The data in the column named 6-, 
37-, and 68-d aging were the pooled data from the soils which were aged for 6,37, and 68 
days, respectively, regardless of the incubation time after the addition of p. buffer or J 14a. 
The unpooled data were shown in Figure 1. The purpose of pooling the data was to analyze 
the main effect of aging on the degradation of ATR and the survival of ATR-mineralizing 
population. Some of the second level interactions (aging x inoculation, aging x incubation 
time) were significant, but no attempt was made to illustrate the interactions. The third level 
interaction (aging x inoculation x incubation time) was not significant. The uCOi evolved 
was not significantly different among the 6-, 37-, and 68-d aging either in the uninoculated 
soils (Table 3) or in the inoculated soils (Table 4). This indicates that the bioavailability of 
ATR does not differ with aging within the time frame of our study. There were no 
significant differences in methanol and water-extractable ATR among the 6-d, 37-d, and 68-d 
aging either in the uninoculated soils or in the inoculated soils. Water-extractable ATR was 
less than the methano 1-extractable ATR. 
A comparison of the amounts of methanol and water-extractable ATR from the 
uninoculated soils with the 14COi evolved from the inoculated soils shows that the amounts 
of water-extractable ATR are quite similar to the quantities of l4C02 evolved at each 
corresponding aged soil, and the amounts of methanol-extractable ATR are much higher than 
the quantities of l4COi. This indicates that water extraction is a better predicator of 
mineralization of ATR by J 14a than methanol extraction is, and vigorous extraction by 
methanol is not appropriate to predict the bioavailability of ATR to Jl4a. Kelsey reported 
that among eight solvents used (including water), the extraction with methanol and water 
(ratio of 1:1) was the best predictor of mieralization of ATR by M91-3 [17]. 
No significant differences were seen in quantities of DEA and DLA formed among the 6-
d. 37-d. and 68-d aging either in the uninoculated soils or in the inoculated soils. The 
amounts of the metabolites in the "other' category from both methanol and water extraction 
were not significantly different among the three aging times in the uninoculated soils, but 
were significant different in the inoculated soils. The amounts of other metabolites in the 
methanol and water extracts of the inoculated soils were significantly less in the 6-d aging 
than those in the 37 and 68-d aging. The increased degradation of ATR in the 37 and 68-d 
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Table 3. The effect of atrazine-aging time on the degradation of [14C-U-ring]atrazine and the 
population of indigenous atrazine-mineralizing microorganisms after the addition of phosphate buffer 
6-d aging 37-d aging 68-d aging LSD4 
14C0,u 9.3 a 3.1a 0.8 a 15 
Methanol extraction 64 a 72 a 74 a 26 
Atrazine u 
Water extraction 34 a 45 a 45 a 19 
Methanol extraction 4.8 a 3.1 a 3.2 a 2.9 
Deethylatrazine 12 
Water extraction 3.1 a 2.5 a 2.5 a 1.2 
Methanol extraction 1.0 a 0.6 a 0.8 a 0.6 
Deisopropylatrazine 1.2 
Water extraction 0.6 a 0.4 a 0.5 a 0.3 
Methanol extraction 3.5 a 3.8 a 2.9 a 3.5 
Other metabolites '2 
Water extraction 5.9 a 4.2 a 12a 9.1 
Methanol extraction 16 a 13 a 15a 5 
Bound Residues u 
Water extraction 43 a 37 a 40 a 14 
MPN (Cells g'1 soil) u 5362 (5010)a 12(16) b 11 (19)b 
1 The same letter in each row indicates the means are not significantly different (P = 0.05) 
2 Data are reported as the percentage of applied l4C 
1 Means of three replications with standard deviations given in parentheses. 
4 LSD: Least Square Difference 
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Table 4. The effect of atrazine-aging time on the degradation of [l4C-U-ring]atrazine and the 
population of atrazine-mineralizing microorganisms after the addition of A. radiobacter J 14a 
6-d aging 37-d aging 68-d aging LSD4 
I4C02 12 41 a 40 a 36 a 11 
Methanol extraction 24 a 15 a 20 a 12 
Atrazine 12 
Water extraction 10 a l i a  10 a 6 
Methanol extraction 1.7 a 0.7a 0.9 a 1.2 
Deethylatrazine 1,2 
Water extraction 1.3 a 0.7 a 0.7 a 0.8 
Methanol extraction 0.5 a 0.4 a 0.3 a 0.3 
Deisopropylatrazine 1 
Water extraction 0.4 a 0.4 a 0.4 a 0.4 
Methanol extraction 3.1a 14 b 10 ab 7.4 
Other metabolites1-2 
Water extraction 3.0 a 14 b 12 b 8.2 
Methanol extraction 16 a 19 b 21 b 2 
Bound Residues 12 
Water extraction 23a 21 a 21 a 11 
MPN (Cells g' soil x 103) u 3.1 (3.9) a 34(93)a 7.5 (13) a 
1 The same letter in each row indicates the means are not significantly different (P = 0.05) 
2 Data are reported as the percentage of applied l4C 
3 Means of three replications with standard deviations given in parentheses. 
4 LSD: Least Square Difference 
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Figure 1. Distribution of 14C as atrazine, C02, or bound residues in soil aged for 6, 37, or 68 
days, then inoculated with A. radiobacter strain J14a (closed symbols) or without inoculation 
(open symbols), and incubated for 12,29, and 49 days. 
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aging suggests that the bioavailability of ATR did not decrease as the aging time increased 
from 6 to 68 days. 
The bound residues after water extraction were not significantly different among the 6-d, 
37-d, and 68-d aging either in the uninoculated soils or in the inoculated soils. However, 
different results were found between the uninoculated soils and the inoculated soils with 
regards to the bound residues after methanol extraction. In the uninoculated soils, there were 
no statistical differences in the amounts of bound residues among the 6-d, 37-d, and 68-d 
aging. However, the amount of bound residues formed in the inoculated soils was 
significantly less in the 6-d aging than in the 37-d and 68-d aging. The increased bound 
residues from the 37-d and 68-d aging in the inoculated soils are probably not formed from 
ATR, but formed from the degradation products of ATR by J 14a, as the bound residues 
formed in the uninoculated soils were not statistically different among the three aging times. 
ATR-mineralizing population were significantly more numerous in 6-d aging than in 37-
and 68-d aging in the uninoculated soils. However, the numbers of ATR degraders were 
essentially the same in the inoculated soils. The more indigenous ATR degraders in the 
uninoculated soils aged for 6 days probably indicate the greater bioavailability of ATR in the 
soils aged for six days, as greater bioavailability of ATR offers more nutrients for microbial 
growth. However, because this result was not shown in the inoculated soils, it is 
questionable to state that bioavailability was changed during aging in our study, based on the 
MPN data. 
The half-lives of atrazine in the soils inoculated with J 14a were much shorter than those 
in the soils treated with p. buffer (Table 5). Increasing the aging time from 6 to 37, and 68 
days did not markedly change the half-lives of atrazine in the soils inoculated with J 14a; 
however, the half-lives of atrazine in the soils treated with p. buffer markedly increased at 
longer aging times (Table 5). 
Table 5. The half-lives of atrazine in soils after the treatment with A. 
radiobacter J14a or phosphate buffer 
Half-life (day) 
J14a Buffer 
Soil aged for6 days 11.9 (r = 0.91) 52.8 (r = 1.00) 
Soil aged for 37 days 8.5 (r = 0.90) 172.8 (r = 0.91) 
Soil aged for 68 days 13.6 (r = 0.78) 591.1 (r = 0.69) 
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The influence of soil incubation time after the addition ofp. buffer orJl4a on the 
degradation of ATR and the survival ofATR-mineralizing population. Tables 6 and 7 show 
the effects of incubation time after the addition of p. buffer or J14a on the degradation of 
ATR. The data in the column named 12-, 29-, and 49-d incubation were the pooled data 
from the soils which were incubated for 12,29, and 49 days, respectively, after the addition 
of p. buffer or J14a, regardless of the aging time before the addition of p. buffer or J 14a. The 
unpooled data were shown in Figure I. The purpose of pooling the data was to analyze the 
main effect of incubation time after the addition of p. buffer or J 14a on the degradation of 
ATR and the survival of ATR-mineralizing population. Some of the second level 
interactions (incubation time x inoculation, incubation time x aging) were significant, but no 
attempt was made to illustrate the interactions. The third level interaction (aging x 
inoculation x incubation time) was not significant. More l4COi had evolved from the 49-d 
incubated soils than from the 12- and 29-d incubated soils in the uninoculated soils (Table 6). 
However, no statistical differences were seen in the amounts of l4C02 evolved between the 
12-d and 29-d incubated soils. MPN data showed that ATR-mineralizing population in the 
uninoculated soils were not significantly different among the 12-, 29-, and 49-d incubated 
soils. l4COi evolved in the inoculated soils significantly increased as the incubation time 
increased from 12 d to 29 and 49 d (Table 7). There was a markedly decrease in l4COi 
evolved from the period of 0-12 d to the period of 12-29 d in the inoculated soils, which was 
27 and 12%. respectively. However, the I4COi evolved from the period of 12-29 d to the 
period of 29-49 d was essentially same. This indicates that the activity of J14a is high during 
the first 12 days, then decreases to certain level by 29 days after inoculation, and remains 
stable for at least 49 days after inoculation. The results of mineralization in the inoculated 
soils are consistent with those of MPN data, as the number of ATR-mineralizing population 
from the period of 0-12 d to the period of 12-29 d markedly decreased, then remained stable 
for the rest of the study (Table 7). There was one order of magnitude more of ATR degraders 
per gram of soil remaining in the inoculated soils 49 days after inoculation compared with 
those in the uninoculated soils. Struthers et al. also noted that the mineralization of ATR by 
J14a occurred continually throughout the 60-d period in the soils treated with 200 jig g"1 of 
ATR. but was markedly slower after 35 d of inoculation in the soils treated with 50 jig g"1 of 
ATR [15]. The ATR-mineralizing population in the J14a-inoculated soils were at the same 
level as those in the uninoculated soils 60 days after inoculation [15]. 
The amounts of both methanol and water-extractable ATR were significantly higher in 
the 12-d incubated soils than in the 29-d and 49-d incubated soils either in the uninoculated 
soils or in the inoculated soils due to the continuing mineralization of ATR in the 29-d and 
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Table 6. The effect of atrazine-incubation time after the addition of phosphate buffer on the degradation 
of [uC-U-ring]atrazine and the population of indigenous atrazine-mineralizing microorganisms 
12-d incubation 29-d incubation 49-d incubation LSD 4  
"CO,u 0.3 a 3.8 a 8.3 b 3.6 
Methanol extraction 77 a 70 b 62 c 5 
Atrazine 1,2 
Water extraction 49 a 40 b 35 b 5 
Methanol extraction 3.4 a 3.9 a 3.7 a 1.4 
Deethylatrazine 12 
Water extraction 2.6 a 2.6 a 2.9 a 0.5 
Methanol extraction 0.7 a 0.8 a 0.9 a 0.3 
Deisopropylatrazine u 
Water extraction 0.5 a 0.5 a 0.6 b 0.1 
Methanol extraction 3.0 a 3.2 a 4.1 a 2.4 
Other metabolites 12 
Water extraction 0.9 a 4.4 a 5.6 a 4.8 
Methanol extraction 12 a 15 b 17 c 2 
Bound Residues 12 
Water extraction 40 a 39 a 41 a 4 
MPN (Cells gl soil x 103) u 1.4(3.1) a 2.7(5.6) a 1.3 (2.2) a 
1 The same letter in each row indicates the means are not significantly different (P = 0.05) 
2 Data are reported as the percentage of applied l4C 
3 Means of three replications with standard deviations given in parentheses. 
4 LSD: Least Square Difference 
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Table 7. The effect of atrazine-incubation time after the addition of A. radiobacter J 14a on the 
degradation of f'4C-U-ring]atrazine and the population of atrazine-mineralizing microorganisms 
12-d incubation 29-d incubation 49-d incubation LSD4 
"CO, '2 27 a 39 b 48 c 4 
Atrazine 
Deethylatrazine 1,2 
Methanol extraction 34 a 18 b 9.4 c 4.3 
Water extraction 20 a 7.8 b 4.8 c 2.2 
Methanol extraction 12a 12a 1.0 a 0.4 
Water extraction 1.0 a 0.8 a 0.9 a 0.3 
Methanol extraction 0.4 a 0.4 a 0 J a 0.1 
Deisopropylatrazine 1,2 
Water extraction 0.5 a 0.3 a 0.3 a 0.3 
Methanol extraction 7.2 a 10 b 8.6 ab 1.8 
Other metabolites 12 
Water extraction 8.0 a U_b 8.5 a 2.1 
Methanol extraction 18 a 19 a 19 a 1.6 
Bound Residues '2 
Water extraction 24 a 21 b 21 b 2 
MPN (Cells g' soil x IP5) u 43(91) a 1.3(1.1) b 0.7(0.9) b 
1 The same letter in each row indicates the means are not significantly different (P = 0.05) 
- Data are reported as the percentage of applied l4C 
' Means of three replications with standard deviations given in parentheses. 
4 LSD: Least Square Difference 
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49-d incubated soils. The methanol-extractable ATR in both the uninoculated soils and the 
inoculated soils and water-extractable ATR in the inoculated soils all significantly decreased 
as the incubation time increased from 29 days to 49 days. However, there was no significant 
difference in the amount of water-extractable ATR in the uninoculated soils from 29-d and 
49-d incubated soils (Table 6). 
The amounts of extractable DEA and the metabolites in the '"other" category from both 
methanol and water extraction and methanol-extractable DIA were not significantly different 
as the incubation time increased from 12 days to 29 and 49 days in the uninoculated soils 
(Table 6). The water-extractable DIA after 49 days of incubation was significantly higher 
than that after 12 or 29 days of incubation in the uninoculated soils (Table 6). Both methanol 
and water-extractable DEA and DIA were not significantly different as the incubation time 
increased from 12 days to 29 and 49 days in the inoculated soils (Table 7). The metabolites 
in the "other" category after methanol extraction were significantly different only between 
12-d and 29-d incubated soils which were inoculated with J 14a (Table 7). The metabolites in 
the "other" category in the water extracts were significantly greater in the 29-d incubated 
soils than those in the 12 or 49-d incubated soils which were inoculated with J14a (Table 7). 
This indicates that more other metabolites are accumulated than degraded 29 days after 
inoculation, and that more other metabolites are degraded that accumulated between 29 to 49 
days after inoculation. 
The amounts of soil bound residues were not consistent between the uninoculated soils 
and the inoculated soils. The bound residues after the methanol extraction significantly 
increased as the incubation time increased from 12 days to 29 and 49 days in the 
uninoculated soils, but not in the inoculated soils. There were no significant differences in 
the amount of bound residues after water extraction among the 12,29, or 49 d-incubated 
uninoculated soils. However, soil bound residues after water extraction were significantly 
less in the 29- and 49-d incubated inoculated soils than those in the 12-d incubated inoculated 
soils. 
The effect of aging on bioavailability of ATR 
As presented above, the mineralization of ATR did not differ markedly among the soils 
aged for 6.37, and 68 days either before or after the addition of p. buffer or J 14a. Therefore, 
no change in bioavailability was evident in our study as the aging time increased from 6 days 
to 68 days. The results were different from previous research [16,18,19], Chung and 
Alexander reported that the effect of aging on decreasing the mineralization of [U-I4C]ATR 
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treated at 6.0 (ig g*1 varied markedly among the different soils. The aging effect was evident 
in 11 of 16 soils after 20 days of incubation, but not in the other five soils; and the decline of 
bioavailability continued after 4 months in 10 of the 16 soils [18]. Kelsey and Alexander 
added 5.0 pg g"1 [U-I4C]ATR to a soil and found the amount of ATR taken up by earthworms 
significantly decreased after 43 days of aging [16]. Radosevich et al. noted that the 
mineralization of [U-I4C-ring]ATR treated at 2.4 mg kg"1 significantly decreased as the aging 
time increased from I d to 3 months [19]. The lack of an aging effect on the bioavailability 
of ATR in our study might result from the high concentration of applied ATR and/or the 
different soil used in the current study. Scheunert et al. showed that a greater percentage of 
ATR was converted to soil-bound residues for the lower soil concentrations compared with 
the higher soil concentrations [38]. ATR was degraded much more slowly at high 
concentrations than at low concentrations [39-40]. Therefore, the higher concentration of 
ATR in this study may result in a lower percentage of bound residues formed, a higher 
percentage of available ATR, and a lower rate of degradation than those of Chung and 
Alexander. Kelsey and Alexander, and Radosevich et al., so that no difference in 
bioavailability of ATR was noticed in the time frame of the current study. 
Another explanation may be related to the precipitation of ATR in soil (Fig. 2). At time 
zero when the soil is treated with 100 pg of ATR per gram of soil, the ATR concentration in 
the soil water phase is 9.6 ppm based on the water content of 29.15% of the soil and water 
solubility of ATR of 33 ng mL"1. The percentage of organic carbon of the soil is 1.48%; 
therefore the Kjof the Alpha soil is 1.48, assuming that K*= is 100. The concentration of 
ATR adsorbed to soil is 49.0 ppm based on the water solubility of ATR of 33 |ig mL"1 and Ki 
of 1.48. Therefore, the concentration of ATR precipitated is 41.4 ppm. The concentration of 
precipitated ATR is high enough to supply the nutrients for microorganisms via the water 
phase during the time frame of the study, as the total '4COi produced during the study is 39% 
of the applied concentration (Table 2). 
ATR: Bound 
ATR: 
Precipitated 
ATR: In 
water phase 
ATR: Absorbed 
to soil 
ATR: Used by 
microorganisms 
Fig. 2. The fate of atrazine (ATR) after it is applied to soil 
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Aging had no effect on the extractability of ATR based on either the methanol or water 
extraction. Aging also had no effect on the bound residue remaining after water extraction. 
Seventy five mL of water can dissolve 2475 ng of ATR based on the water solubility of ATR 
of 33 jig mL"1. The maximum amount of ATR in 25 g of soil in this study is 2500 ng. 
Therefore, the capacity of the water extraction is not limiting in this study, and the failure to 
see the aging effect on the extractability of ATR in water extraction is not caused by the 
limited solubility of ATR in water. Based on the data from the methanol extraction, the 
effect of aging on the bound residue formation is not consistent in this study. The bound 
residues remaining after methanol extraction significantly increased as the aging of the soils 
increased from 6 to 68 days, both before the addition of p. buffer or J 14a and after the 
inoculation of J14a, but not after the addition of p. buffer. Research showed that the decrease 
of extractability or the increase of the amount of bound residues did not highly correlate with 
the diminution in bioavailability by the extraction with 95% ethanol [18]. Therefore, it is 
uncertain whether extractability of ATR and bound residues were the right indicators of 
bioavailability in this study. 
CONCLUSIONS 
The results from this study clearly indicate that inoculation with J 14a significantly 
increased the mineralization of ATR and decreased the persistence of ATR, DEA and DIA in 
soil. J 14a can mineralize a high concentration of ATR continually 49 days after inoculation 
without an additional carbon source. Therefore, bioaugmentation with J 14a may provide an 
efficient way to remediate the ATR-contaminated soils which lack an indigenous ATR-
degrading population. The bioavailability of ATR did not significantly change after 68 days 
of aging when the soils were treated with a high concentration of ATR. The comparison of 
the results in this study with previous results from Chung et al. (1998), Kelsey et al. (1997), 
and Radosevich et al. (1997) suggests that high concentration of ATR persists longer in soil 
than the concentration typically applied at field application rate, and so does its toxicity to 
animals and plants. The amounts of methanol-extractable ATR in the soils without 
inoculation were much higher than the quantities of l4COi evolved in the soils inoculated 
with J 14a. This indicates that the ATR concentration that was extracted by vigorous organic 
solvent overestimated the concentration that was truly bioavailable. 
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CHAPTER 5. GENERAL CONCLUSIONS 
General Conclusions 
The ability of an enzyme, atrazine chlorohydrolase and three soil bacteria Agrobacterium 
radiobacter J 14a, Pseudomonas Jluorescens UA5-40, and Pseudomonas sp. strain ADP, to 
degrade the herbicides atrazine and metolachlor was evaluated in a soil taken from a 
pesticide-contaminated site in Iowa (Alpha). The ability of JI4a and UA5-40 to degrade 
atrazine and metolachlor was also evaluated in another soil taken from a pesticide-
contaminated site in Iowa (Bravo). J14a, atrazine chlorohydrolase, and ADP all had a 
significant effect on the degradation of atrazine in Alpha soil without additional carbon 
source, a soil with a low indigenous atrazine-mineralizing population. The half-life of 
atrazine in Alpha soil treated with atrazine chlorohydrolase, J 14a, or ADP was significantly 
less than that in the control soil without inoculation. However, inoculation with J 14a did not 
increase the atrazine degradation in Bravo soil, a soil with a high indigenous atrazine-
mineralizing population. This suggests that the ability of J 14a to enhance the degradation of 
atrazine is affected by the presence of indigenous atrazine-mineralizing microorganisms. 
The degradation of atrazine by J14a and the indigenous atrazine-degrading population in 
Bravo soil was not influenced by the presence of exogenous nitrogen. The effect of J 14a on 
the degradation of atrazine was not enhanced by the presence of the plants. Inoculation of 
UA5-40 did not enhance the transformation of metolachlor in either soil. 
The ability of native prairie grasses, big bluestem (Andropogon gerardii), Indian grass 
(Sorghastrum nutans L.), and switch grass (Panicum virgatum L.), to degrade atrazine and 
metolachlor was evaluated in Alpha and Bravo soil. The ability of native prairie grasses to 
degrade atrazine was influenced by the presence of indigenous atrazine-mineralizing 
microorganisms and the duration of the grasses in soil. Vegetation significantly decreased 
the concentration of atrazine in Alpha soil, but not in Bravo soil. The significant effect of the 
plants on atrazine degradation in Alpha soil only occurred 57 days after the transplanting of 
vegetation, but not 28 days after the transplanting of vegetation. The native prairie grasses 
had a significant effect on the degradation of metolachor in both soils, and the significant 
effect was observed from 28 days after the transplanting of vegetation in Alpha soil. 
Therefore, it took longer for the plants to show the significant enhancement of the 
degradation of atrazine than that of metolachlor. 
The influence of aging atrazine- and metolachlor-treated soils on the degrading 
capabilities of the plants and the bacteria was investigated, too. The degradative abilities of 
J 14a, atrazine chlorohydrolase, ADP, and the native prairie grasses were influenced by the 
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bioavailability of atrazine. J14a and vegetation significantly decreased the concentration of 
atrazine in Alpha soil when the initial concentration of atrazine was 93.3 |ig g"'- However, 
they had no effect on the degradation of atrazine when the initial concentration of atrazine 
was 4.9 ng g"1. The influence of aging the atrazine-treated soil on the bioavailability of 
atrazine depends on the length of aging. A significant decline of the amounts of atrazine 
degraded by atrazine chlorohydrolase or ADP was observed between the atrazine-treated soil 
without aging and the soil aged for 56 days. However, the bioavailability of atrazine did not 
differ markedly when the aging of atrazine increased from 6 to 68 days. Our results suggest 
that the bioavailability of a high concentration of atrazine significantly declined during the 
first 6 days of aging, then the rate of decline of bioavailability slowed within 68 days of 
aging. The comparison of the results in this study with previous results from Kelsey et al., 
Radosevich et al., and Chung and Alexander [1-3] suggests that the bioavailability of atrazine 
applied at a high concentration declines more slowly than that applied at field application 
rate. Aging metolachlor-treated soils did not influence the degrading capability of the plants. 
Our results suggest that it is feasible to use Jl4a, ADP, and enzyme atrazine 
chlorohydrolase to remediate atrazine-contaminated soils when the indigenous 
microorganisms are not efficient in degrading atrazine, and the concentration of atrazine is 
relatively high. However, degradation was incomplete in the time frame of the current 
studies due to the poor survival of the bacteria. To remediate the soils contaminated with 
high concentrations of atrazine, repeated inoculation of bacteria would probably meet the 
remediation goals. The use of native prairie grasses to remediate atrazine- and metolachlor-
contaminated soils only worked when the plants could tolerate the chemicals and there were 
no indigenous atrazine-degrading microorganisms. It is critical to find plant species which 
can tolerate high concentrations of atrazine and metolachlor if phytoremediation is planned 
for remediation of the soils contaminated with high concentrations of atrazine and 
metolachlor. The fact that the bioavailability of a high concentration of atrazine declined 
slowly indicates that the toxicity of atrazine to animals and plants will decrease slowly in 
soil. This suggests that remediation is necessary for the soils contaminated with high 
concentrations of atrazine. 
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APPENDIX. MOBILITY OF FIVE TERMITICIDES IN SOIL COLUMNS 
A paper to be submitted to Pest Management Science 
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Abstract: The distribution of a termiticide laterally through soil is important to its 
effectiveness as a protective barrier against tunneling termites. The objective of this 
study was to evaluate the upward mobility of five termiticides, imidacloprid, 
chlorpyrifos, permethrin, fipronil, and chlorfenapyr, through packed soil columns, 
which stood upright in the termiticide solutions. The insecticides were applied at the 
commercial application rates. The concentration of each pesticide throughout the 
column was influenced by the applied concentration. Relative concentrations, based on 
percent extracted from the column, indicated that imidacloprid was distributed 
throughout the column and was the only compound detectable at a concentration of 1 
ppm at a 30-cm distance from the treatment source. Chlorpyrifos distributed well 
through the first 12.5 cm, and then decreased to very tow levels. Chlorfenapyr and 
fipronil concentrations decreased rapidly in the first several sections; maintained 
moderate concentrations from 20 cm, and then fell below detectable limits. Permethrin 
demonstrated the least mobility. 
Keywords: Imidacloprid; chlorpyrifos; permethrin; fipronil; chlorfenapyr; mobility 
1 INTRODUCTION 
Termites cause tremendous damage and repair costs to wooden structures. To protect 
wooden structural materials, termiticides are applied to the surface and/or injected into soil to 
form a chemical barrier. The extent of coverage of the chemical barrier against termites in 
the soil depends on the lateral movement of a termiticide active ingredient through soil. The 
objective of this research was to measure the movement of five termiticides: imidacloprid [1-
(6-chloro-3-pyridinyl)methyl]-Mnitro-2-imidazoIidinimine] (active ingredient in Premise® 
termiticide), chlorpyrifos [0,0-diethly 0-3,5,6-trichIoro-2-pyridyl phosphorothioate] (active 
ingredient in Dursban®), permethrin [3-(phenoxyphenyl)methyl (±)-cis, trans-2-(2,2-
dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate] (active ingredient in Dragnet®), 
fipronil [(±)-5-amino-l-(2,6-dichloro-q,a,a-trifluoro-p-tolyl)-4-
r Bayer Corporation, 17745 South Metcalf, Stilweil, KS 66085, USA 
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trifluoromethylsulfînyIpyrazole-3-carbonitrile], and chlorfenapyr [(4-bromo-2-(4-
chlorophenyl)-l-(ethoxymethyl)-5-(trifluoromethyl)pyrroIe-3-carbonitriIe], through soil as 
measured by water moving upward through soil columns. Upward movement of 
imidacloprid, chlorpyrifos, permethrin, fipronil, and chlorfenapyr by capillary action through 
packed soil columns not only provides basic information on their mobility through soil, but 
also sheds considerable light on the capacity for the five insecticides to move with water 
laterally through soil. 
Imidacloprid is an insecticide of the chloronicotinyl class. It is mainly used to control 
sucking and biting insects, fleas, as well as some soil insects, including termites. The mode 
of action of imidacloprid is irreversible binding to nicotinic acetylcholine receptor at the 
postsynaptic membrane, thereby preventing acetylcholine binding.' Fipronil is a new 
phenyipyrazole insecticide. It is notably used in locust control. Fipronil disrupts central 
nervous system activity of insects by interfering with the passage of chloride ions through a 
gamma-aminobutyric acid (GABA)-regulated chloride channel.2,3 Chlorfenapyr is an N-
substituted halogenated pyrrole, a broad-spectrum proinsecticide and acaricide. It is 
converted to the toxic form by mixed-function monooxygenases in insects.4 Then the toxic 
form kills insects by stopping energy production in the mitochondria via uncoupling of 
oxidative phosphorylation.5 Chlorpyrifos and permethrin are broad-spectrum 
organophosphate and pyrethroid insecticides, respectively, which are widely used in insect 
pest management programs in agricultural, urban, and horticultural systems. 
The mobility of a termiticite laterally is important to the establishment of the chemical 
barrier against termites. The higher the mobility of a termitide, the greater area the 
termiticide can cover. However, high mobility also suggests that the termiticide can cause 
potential contamination of surface water and groundwater. Researchers have investigated the 
mobility of imidacloprid, chlorpyrifos, permethrin and fipronil. Imidacloprid was classified 
to have a medium to slight mobility.6 Chlorpyrifos was classified as being "immobile".6 
Permethrin was immobile in the soil columns.7 Fipronil cannot move beyond 10 cm.8 
2 EXPERIMENTAL METHODS 
2.1 Chemicals 
Formulated products Premise® 75 WP, Fipronil 80 WP, Chlorfenapyr 10% EC, and 
Dragnet® were provided by Bayer Corporation (Stilwell, KS). Dursban® TC was purchased 
from Dow Agroscience Corporation (Indianapolis, IN). l4C-Imidacloprid was also obtained 
from Bayer Corporation. The percentages of active ingredient for Premise® 75 WP, Fipronil 
80 WP, Chlorfenapyr 10% EC, Dragnet® JDursban® TC was 75% imidacloprid, 80% 
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fipronil, 10% chlorfenapyr, 38% permethrin, and 42.8% chlorpyrifos, respectively. 
Analytical standards of fipronil (98% purity), chlorpyrifos (99.2% purity), and permethrin 
(99% purity) were purchased from ChemService Corporation (West Chester, PA). The 
analytical standard of chlorfenapyr was purified from formulated Chlorfenapyr 10% EC. 
Premise® 75 WP was prepared as 0.05% solution by adding 1.348 g of the formulated 
product to two liters of ultrapure water. Then the solution was spiked with 8.71 |iCi of the 
l4C-imidacloprid to obtain a radioactive concentration of0.0044 |iCi/mL. Fipronil 80 WP 
was prepared as 0.06% solution by adding 1.498 g of the formulated product to two liters of 
ultrapure water. Chlorfenapyr 10% EC was prepared as 0.0625% solution by adding 12.125 
mL of the formulated product to two liters of ultrapure water. Dragnet® was prepared as 
0.5% solution by adding 26.028 mL of the formulated product to two liters of ultrapure 
water. Dursban® TC was prepared as 1% solution by adding 40.82 mL of the formulated 
product to two liters of ultrapure water. The concentration of each compound was based on 
the active ingredient. The calculated concentration of imidacloprid, fipronil, chlorfenapyr, 
permethrin, and chlorpyrifos in the water were 506,599,624,4990, and 9783 mg L"1. 
2.2 SoU 
The soil was collected from the top 15 cm of an agricultural soil, a sandy clay loam from a 
control plot at the Iowa State University Ag Engineering/Agronomy Farm (Boone County, 
IA). This soil has a history of no pesticides application. It was passed through an 8-mesh 
sieve and stored at room temperature for one day. Soil physicochemical properties were 
analyzed according to standard protocols. The soil for this study was classified as Nicollett 
Webster. It contained 52 % sand, 26 % silt, and 22 % clay. The organic matter content was 
2.7%, and the pH was 5.7. 
2 J Soil columns 
Each soil column was prepared by packing 7.0-cm diameter by 38-cm clear acrylic tubes 
with 30cm of soil packed at a density of 1.3 g/cc. The bottoms of the soil columns were fit 
with a fine-mesh screen to hold the soil in the tube. The columns were stood upright in glass 
dishes of the prepared termiticide solutions, and a magnetic stirring bar was added to each 
dish to keep the chemical solution as uniformly distributed as possible for the duration of the 
experiment Four replicate columns were used for each insecticide in the experiment, and 
each column was monitored visually for the upward movement of the water. After the water 
moved to the top of a column, the column was frozen at -20°C until analysis. 
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2.4 Analysis 
The frozen columns were sawed into 2.5-cm sections such that the solid columns were 
divided into 12 sub-sections (the bottom and the top section of a column was defined as 
section 1st and 12th, respectively). The soil from each 2.5-cm section was removed from the 
section of the acrylic tube. After it thawed, the soil was dried at room temperature until the 
moisture was below 16.6%. Two 20-g (wet weight) subsamples were taken from each 
section for extraction. Soil moisture of each section was also measured, and the soil moisture 
ranged from 2.0% to 16.6%. If two continuous sections of a column had concentrations 
below the 1 jj.g g'\ the analysis of the compound at the sections above the two sections was 
not conducted. The soil was extracted sequentially three times with certified-grade solvents 
(2:1 solvent: soil) by 15 minutes of vigorous shaking. Optimization of extraction efficiency 
for the five insecticides resulted in the following methods. Imidacloprid, permethrin, and 
chlorpyrifos were extracted with acetone; fipronil was extracted with acetone: acetonitrile 
(3:7); and chlorfenapyr was extracted with ethyl acetate. After shaking, the solvent was 
removed from the soil by vacuum filtration through a glass micro-fiber filter. All three 
extracts were pooled and concentrated with a rotary evaporator. Extraction efficiencies for 
imidacloprid, chlorpyrifos, permethrin, fipronil, and chlorfenapyr were 96,99,98,97, and 
81%, respectively, for laboratory-fortified samples. 
An aliquot from each l4C-imidacloprid-extract was added to scintillation cocktail and was 
radioassayed. Fipronil extracts were solvent-exchanged to isooctane by addition of 2:1 ethyl 
acetate: isooctane (EA: ISO) and evaporation of lighter solvents using a stream of nitrogen. 
Solvent exchange was performed to remove acetonitrile, which interferes with the detection 
technique used. A Shimadzu GC-9A gas chromatograph equipped with a flame-thermionic 
detector, a nitrogen and phosphorus-specific detector (NPD), was used for the analysis of 
fipronil, chlorpyrifos, and chlorfenapyr. GC conditions were as follows: column, glass 
packed with 80/100 mesh 3% OV-17 (Supleco Inc., Bellefonte, PA), 1.2 m length x 3mm 
i.d.; column temperature, 220°C; injector temperature, 250°C; detector temperature, 250°C; 
carrier gas, helium; flow rate 60 mL minl. The limit of quantitation for fipronil, 
chlorpyrifos, and chlorfenapyr was 0.5,0.1, and 0.6 pg g"1 soil, respectively. Permethrin 
extracts from sections 1-5, were analyzed using a Hewlett Packard 1100 liquid 
chromatograph equipped with a C|* g-Bondapak column (Waters) and a Spectroflow 757 
absorbance detector set at 225 nm. The flow rate was 2 mL min*1, and a gradient program 
starting at 20:80 wateracetonitrile, increasing to 100 % acetonitrile at 10 minutes and 
holding for 10 minutes. The limit of quantitation for permethrin by the HPLC was 8 ng g*' 
soil. To provide better quantitation limits at higher sections, permethrin samples of section 6 
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and 7 were analyzed using a Tracer 540 gas chromatograph equipped with a 63Ni electron-
capture detector (BCD) with the following conditions: injector temperature, 250°C; detector 
350°C; column, J & W DB-5,30 m x 0.25 mm i.d., and 0.25 (im film thickness; initial 
column temperature 75°C for 0.75 min, then raised at 40°C min"1 to 180°C, held for I min, 
raised again at 5°C min"1 to 280°C, held for 5 min; the carrier gas was hydrogen at a flow rate 
of 2 mL min"1, with argon/methane (95:5) as the makeup gas (30 mL min"1). The limit of 
quantitation for permethrin by GC was 0.1 |ig g"1 soil. 
The data were statistically analyzed by analysis of variance (ANOVA) and least 
significant differences (LSD) at 5%. 
3 RESULTS 
The concentrations of each chemical at each section of the soil columns are shown in Table 
1. Imidacloprid was more mobile than the other four compounds as indicated by the 
significantly greater concentrations in section 9 and higher. Imidacloprid was detectable 
throughout the column and maintained a mean concentration of 3.0 gg g"1 at the top section 
of the columns. Because the concentrations of all five compounds in the first five sections 
were high enough that termite control was likely, statistical analysis to compare the 
significant difference of the concentrations of the five compounds was not performed for the 
lower sections. 
Since each termiticide was applied at recommended concentrations and therefore 
differing rates, relative concentrations were also determined by dividing the 
concentration in each section by the total amount found in the column. As shown in Figures 
1 and 2, the termiticides were concentrated toward the bottom of the column, as would be 
expected. Imidacloprid distributed more evenly throughout the column, as indicated by 
lower percentages in the first sections (compared to the other four insecticides) and higher 
percentages through much of the remainder of the column (compared to the other four). 
Chlorpyrifos distributed well through the first four sections (10 cm), and then decreased to 
very low levels throughout the top of the column. Chlorfenapyr and fipronil concentrations 
decreased rapidly in the first several sections, maintained good relative concentrations from 
the fifth through eighth sections (12.5 to 20 cm), then fell below detectable limits. 
Permethrin demonstrated the least mobility and was mostly found in the bottom of the 
column. 
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Table 1. Concentration (ng/g) of each termiticide per section. 
Section Height, cm Imidacloprid Fipronil Chlorfenapyr Chlorpyrifos Permethrin 
12 th 27.5-30.0 3.0® <QLa <QLa <QLa <QLa 
H* 25.0-27.5 1.3® <QLa <QLa <QLa <qla 
10th 22.5-25.0 2.6® 0.2a <QLa 0.1A <qla 
9th 20.0-22.5 2.3® 0.1A <QLa 0.2A <qla 
8th 17.5-20.0 1.9*® 3.3® <QLa 0.9a 0.3a 
7th 15.0-17.5 l.lA 4.8® <QLa 1.0A 0.6a 
6th 12.5-15.0 11A 15a 2.2a 4.0a 
5th 10.0-12.5 53 17 30 158 18 
4th 7.5-10.0 190 24 42 1345 457 
3rd 5.0-7.5 335 55 58 3675 728 
2nd 2.5-5.0 449 159 98 7536 1806 
1st 0-2.5 558 1068 470 11871 11227 
Means in each row followed by a different letter are statistically different. <QL indicates that 
all samples were below the quantitation limits. If one or more columns had concentrations 
above the QL, the mean is shown even if the mean was below the QL. 
4 DISCUSSION 
Adsorption and water solubility are the principal factors that affect the mobility of organic 
compounds.9,10 The higher the adsorption of a compound is, the less mobility it is.9 
Generally speaking, a compound with a relatively higher water solubility is more weakly 
adsorbed to soil and more mobile in soil.11 All the five termiticides except imidacloprid 
have a low water solubility, ranging from 0.1 to 2 mg/L. Imidacloprid has a high water 
solubility (510 mg/L) and a relatively low value of Kœ (259 at time 0),12 which indicate a 
potential capacity for mobility in soil. Our results showed that imidacloprid distributed most 
thoroughly through the soil column. Gonzâlez-Pradas et al. reported that 82.3% of the 
applied imidacloprid was recovered in the leachate of the 20-cm soil columns.13 The 
movement of chlorpyrifos in the current study is greater than that in previous research, which 
showed that the majority of chlorpyrifos can not leach more than 2.5 cm.14-15 Chlorpyrifos 
has a strong affinity for soil (average Kœ of 8498 ml/g organic carbon).16 The low water 
solubility and high Kœ are the probable reasons for the low mobility of the compound. 
Others reported that chlorpyrifos leached up to 15 cm in the soil.17 Permethrin distributed 
the least well through the soil columns in the current study. Others also noted that 
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Figure 1. Percent-relative concentration in each section per the total amount of insecticide that entered the 
column for the first six sections. 
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Figure 2. Percent-relative concentration in each section per the total amount of insecticide that entered the 
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permethrin was immobile in the soil column.7-9 Fipronil moved 20 cm in the current study. 
Others reported that fipronil can not move beyond 10 cm.8 The mobility of chlorpyrifos, 
permethrin, and fipronil in the current study was higher than that reported in the literatures. 
The probable reason is that different soils have different organic matter contents which 
influence the adsorption of the chemicals to the soils. 
Adjuvants in the formulated commercial products certainly can play a role in influencing 
mobility of the treatment solution and the active ingredient. The objective of the study was 
to compare the mobility of the five formulated commercial products in soil columns. 
Therefore, adjuvants might vary with the different products. Loss due to volatilization of the 
five compounds in the study is unlikely because the majority of the compounds did not move 
to the top of the columns, and the vapor pressure of the majority of the compounds is low. 
Chemical analysis only focused on the measurement of the parent compounds in this study. 
No effect was made to quantify and quantitate the metabolites which might be formed during 
the movement in the soil. 
Interpretation of the current residue data depends on the concentrations of the various 
termiticides required to control termites, which can be affected by environmental factors. 
such as organic matter and moisture level in the soil. However, if a generally effective 
concentration is identified, then some general conclusions can be drawn. For example, if a 
concentration of 1 gg/g (1 ppm) of insecticide is considered adequate for insect control, then 
the data in Table I indicates that imidacloprid would provide better termite-protection than 
the other four insecticides at distances further from the treatment source. Under conditions 
of upward mobility investigated in this experiment, imidacloprid showed the greatest 
mobility. It is expected that relative rates of lateral movement of the five active ingredients 
would be predicted by the data on upward mobility. Lateral movement of termiticide 
treatment solutions is very important when the formulation solutions are applied around a 
building by injecting them into the soils through a rod that can be pushed down through the 
soil profile; the interval of rodding is highly dependent on the capacity of the active 
ingredient to move laterally through the soil to establish an effective barrier for protection of 
the building (or posts, etc.) from attack by subterranean termites. 
5 CONCLUSIONS 
Imidacloprid, the active ingredient in Premise termiticide, was demonstrated to be distributed 
through the soil to a greater distance than the four other termiticide active ingredients tested 
in this study. Although the experiment monitored upward mobility of the active ingredients, 
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the results also would reflect the relative mobility of the insecticides laterally through the 
soil. 
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